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ABSTRACT 

A  study  was  conducted  to  develop  an  analytical  model  for  predicting  the  horizontal 
resistance  due  to  in-plane  shear  of  ship's  hull  bottom  plating  that  is  undergoing  deformation 
induced  by  grounding.  First,  four  models  were  developed  for  predicting  the  load  carrying 
ctqracity  of  a  flat  rectangular  plate  element  when  subjected  to  in-plane  shear  loads  in  both 
the  elastic  and  plastic  buckling  ranges.  Sevoi  plate  buckling  experiments  were  then 
conducted  which  were  used  to  validate  the  analytical  model  results.  Finally,  the  plate 
element  model  was  incorporated  into  a  global  model  description  for  die  botttxn  plating  of  a 
very  large  cmde  carrier  (VLCC)  which  is  undergoing  a  deformation  process  induced  by 
grounding. 

The  results  of  the  study  demonstrated  that  a  suitable  plate  element  model  could  be 
developed  for  accurately  predicting  within  10  percent  both  the  in-plane  shear  load  capacity 
as  well  as  the  plastic  buckling  wavelength  of  a  flat  rectangular  plate.  The  best  prediction 
was  obtained  from  the  buckled  element  which  is  initially  rectangular. 

The  grounding  resistance  due  to  in-plane  shear  was  roughly  an  order  of  magnitude  greater 
than  that  from  other  sources  not  irKluding  shear.  Thus  it  seems  diat  fracture  or  some  other 
"weaker"  failiue  modes  will  pre-en:^)t  the  shear  deformatitm  mode. 
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1.  Introduction  and  Background 


The  serious  environmental  damage  caused  by  the  spillage  of  oil  or  other  hazardous 
cargo  from  tankers  in  recent  years  has  forced  designers  to  look  for  hull  stmctural 
designs  that  are  more  robust  against  die  likelihood  of  rupture  of  the  hull  plating  in  die  event 
of  a  grounding.  In  some  designs  this  may  entail  addition  of  a  second  inner  hull.  Anodier 
idea  proposed  by  Wieizbicki^  among  others  is  to  design  a  uniform  strength  hull  structure 
that  contains  a  larger  number  of  more  densely  positioned  but  smaller  structural  elements. 
An  exan^le  of  a  uniform  strength  hull  is  the  unidirectionally  stiffened  double  hull  currently 
being  studied  by  the  U.S.  Navy^.  The  piinc^le  is  to  make  the  hull  plating  support 
structure  flexible  enough  to  deform  with  the  hull,  thus  preventing  the  hull  plate  from 
rapturing  at  the  welded  joiitts  where  it  is  connected  to  the  otherwise  rigid  structural  frame. 
To  effect  such  a  design  an  understanding  needs  to  be  developed  of  the  various  structural 
resisting  force  and  energy  absorption  mechanisms  as  well  as  the  structural  failure  modes 
for  a  ship  hull.  These  analyses  should  then  lead  to  an  optimal  approach  for  strengthening  a 
sh^  hull  to  better  resist  hull  penetration  and  thus  reduce  the  likelihood  of  cargo  spillage. 

During  a  grounding,  four  mechanisms  of  work  diss^ation  have  been  identiffed  by 
Wierzbicki^; 

(1)  Global  lifting  of  the  ship  hull  against  gravity 

(2)  Frictional  forces  between  hull  and  shallow  bottom 

(3)  Membrane  rupture  of  ship's  hull  plate 

(4)  Plastic  deformation  of  hull  plating  and  bottom  structural  elements 

One  of  the  hull  plate  plastic  deformation  mechanisnrs  in  item  (4)  above  is  due  to  in¬ 
plane  shear  deformations  that  develop  within  the  hull  plate  during  a  grourxiing.  Previous 


1  T.  Wierzbicki,  E.  Rady,  D.B.  Peer  J.G.  Shin,  "Damage  Es^'mates  in  High  Energy  Grounding  of  Ships", 
Massachusetts  Institute  of  Technology,  Department  of  Ocean  Engineering,  Joint  Inibtstry  Program  on 
Tanker  Safety,  Report  No.  1,  June  ISW. 

2  J.  Beach,  “Advanced  Surface  Ship  Hull  Technology,  Ouster  B”,  Naval  Engineers  Journal,  vol.  103,  no. 
6,  November  1991,  pp  27-37. 

^  T.  Wierzbicki,  D.B.  Peer,  E.  Rady,  "The  Anatomy  of  Tanker  Grounding",  Massachusetts  Institute  of 
Technology,  Department  of  Ocean  Engineering,  Joint  Industry-MIT  Program  on  Tanker  Safety,  Report  No. 
2,  May  1991. 
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1  -a  A 

work  conducted  by  Wierzbicki  ’  and  Peer  which  formulated  an  analytical  model  for 
tanker  grounding  recognized  the  existence  of  plastic  work  done  by  in  plane  shear  forces  but 
deferred  the  estimation  of  this  work  to  future  studies. 

This  paper  presents  an  analytical  model  for  plastic  work  done  by  in  plane  shear  forces 
on  a  flat  rectangular  plate  element.  An  experimental  study  is  conducted  and  the  results  are 
compared  with  these  analytical  results  to  validate  the  model.  The  new  model  of  a  localized 
plastic  shear  buckling  element  is  then  incorporated  into  a  global  model  which  describes  the 
deformation  of  the  hull  plating  during  a  grounding  assuming  a  sin^lified  geometry. 

Finally,  a  comparison  is  made  between  work  absorbed  by  shear  buckling  and  by  other 
mechanisms  during  a  grounding,  previously  formulated  by  Peer^,  in  order  to  determine  the 
importance  of  shear  buckling  mechanisms  in  dissipation  of  kinetic  energy  during  a 
grounding. 

Stated  simply,  the  objectives  of  this  study  are  threefold: 

( 1 )  Develop  analytical  models  for  elastic  pre  and  post-buckling  behavior,  plastic 
in-plane  shear  post-buckling  behavior,  and  plastic  in-plane  deformation  without 
buckling,  of  a  single  prismatic  element 

(2)  Validate  this  model  with  experimental  results 

(3)  Incorporate  this  model  into  the  global  ship  grounding  model  and  determine  the 
importance  of  shear  buckling  as  an  energy  dissipation  mechanism 

Three  limits  on  the  applicability  of  the  theory  must  be  considered  before  studying  the 
details  of  this  model  and  how  it  can  be  tqjplied  to  the  ship  grounding  problem.  First,  hull 
membrane  rupture  is  not  permitted  since  hull  rupture  changes  the  geometry  and  boundary 
conditions  of  the  problem  and  the  point  at  which  hull  plate  rupture  occurs  is  difficult  to 
quantify.  Therefore,  the  present  model  is  applicable  only  to  grounding  geometries  which 
allow  the  hull  structure  to  "dish"  inward  while  the  plating  rides  up  and  over  the  obstacle  on 
the  ocean  bottom. 

Second,  the  present  model  assiunes  symmetric  deformation  about  the  keel  of  the 
ship.  This  assumption  is  necessary  to  avoid  the  need  to  describe  the  hydrodynamic 
stability  characteristics  of  tlK  grounded  vessel,  which  otherwise  would  greatly  conplicate 
the  analysis. 

^  D.B.  Peer,  "Coupling  Global  Motion  and  Local  Deformation  in  Tanker  Grounding",  Massachusens 
Institute  of  Technology,  Department  of  Ocean  Engineering,  Joint  Mit-lndustry  Program  on  Tanker  Safety, 
Repon  No.  4,  May  1991. 
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Third,  this  local  model  is  incorporated  into  a  ship  that  is  assumed  to  be  longitudinaUy 
framed  at  certain  intervals  with  transverse  webs  at  a  specified  spacing  1  and  longitudinal 
bulkheads  spaced  at  an  interval  li .  The  transition  zone  of  deformation  forward  of  the  rock 
T]  is  assumed  to  be  a  multiple  of  the  transverse  web  spacing  while  the  transverse  extent  of 
damage  is  assumed  to  be  limited  to  the  distance  between  longitudinal  bulkheads.  This 
stmctural  geometry  is  chosen  to  be  representative  of  today's  very  large  crude  carrier, 
(VLCC).  It  should  be  noted,  therefore,  that  while  the  results  from  the  local  buckling 
element  model  are  applicable  to  any  ship  with  luisupported  areas  of  rectangular  flat  plate, 
the  results  from  the  global  ship  grounding  model  are  only  applicable  to  the  particular 
structural  geometry  chosen  and  would  have  to  be  redone  for  sh^s  with  a  different  hull 
structure.  The  main  reason  for  this  is  the  differing  degree  of  constraints  placed  on  hull 
defoimation  by  the  transverse  webs  and  the  longitudinal  bulkheads  in  different  designs. 
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2.  Summary  of  Elastic  Shear  Buckling  Response 


To  gain  an  insight  into  the  plastic  shear  buckling  problem,  it  is  necessary  to  look  first 
at  shear  buckling  of  a  flat  plate  in  the  elastic  range.  The  exact  solution  to  tfte  elastic  shear 
buckling  problem  for  plates  of  infinite  length  has  been  derived  by  Southwell  and  Skan^. 
Since  that  time  plates  of  finite  length  have  been  analyzed  by  other  investigators.  A  brief 
discussion  of  this  previous  work  follows  so  that  a  foundation  can  be  laid  on  which  to  base 
the  problem  formulation  for  the  plastic  buckling  model  discussed  herein. 

A  plate  subjected  to  uniform  in-plane  shear  has  an  out  of  plane  displacement  w(x,y) 
that  obeys  the  following  differential  equation  in  terms  of  the  shear  force  per  unit  length 
along  loaded  edges  N^y  and  the  flexural  plate  rigidity  D. 


_4 

V  w 


2n; 


dxdy 


=  0 


D  = 


Eh^ 

12(1-v2) 


(1) 


The  general  solution  to  the  above  differential  equation  (1)  is  assumed  in  terms  of  the  plate 
width  or  stiffener  spacing  b  to  be: 


w(x,y)  =  C  (2) 

The  coordinates  x  and  y  in  the  above  formula  correspond  to  the  respective  length  and 
width  directions  of  the  plate.  The  constant  C  is  an  arbitrary  constant  that  varies  with  the 
flexural  plate  bending  stiffness.  The  constants  k  and  A.  correspond  to  spatial  buckling 
wave  numbers  in  the  x  and  y  directions,  respectively. 

Substitution  of  the  general  solution  (2)  into  the  Differential  Equation  (1)  yields  the 
following  fourth  order  polynomial  in  X  and  k  . 

2kh^+  kX  +  k*=  0  (3) 


^R.  Southwell  and  S.  Skan,  "On  the  Stability  under  Shearing  Forces  of  a  flat  Elastic  Strip",  National 
Physical  Laboratory,  Aerodynamics  Department,  Proceedings  of  The  Royal  Society  of  London,  ser.  A,  vol. 
105,  1924,  pp.  582-607. 
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Equation  (3)  has  four  roots  A,i ,  X2 ,  X.3 ,  and  X4  which  are  described  as  four  transverse 
buckling  wave  numbers.  These  roots  can  be  obtained  for  a  given  critical  shear  force 
buckling  load  per  unit  loigth  N^y  and  the  longitudinal  buckling  mode  wave  number  k. 

Southwell  and  Skan^  detennined  the  exact  solution  for  the  out-of-plane  displacement  of  a 
flat  elastic  strq>  imder  uniform  shear  ai^lied  along  its  edges  of  infinite  length.  Solutions 
were  obtained  for  two  types  of  boundaiy  conditions,  clamped  and  simply-supported. 

The  complex  form  of  the  general  solution  for  out  of  plane  displacement  w(x,y)  is: 

W(x,y)  =  [Ci^  +  C2e^2y/b  +  Cse^sy/b  +  c4e‘^4y/b]eii«A)  (4) 

Substitution  of  the  general  solution  (4)  into  four  homogeneous  boundaiy  conditions  leads 
to  a  deteiminantal  equation  from  which  the  critical  values  of  N^y  may  be  found.  The  four 

boundaiy  condition  equations  below  correspond  to  the  conditions  for  clamped  edges  which 
most  closely  2q)proximate  the  model  for  a  longitudinally  stiffened  hull  plate. 

w(y»0)  =  0  w(y»b)  =  0  w  (y=0)  =  0  w  (y»4j)  »  0 

Southwell  and  Skan  earned  out  such  an  analysis  and  detennined  a  result  for  the 
critical  buckling  load  in  shear  which  is: 


where  Ks  is  defined  as  the  critical  shear  stress  buckling  coefficient.  The  critical  shear 
buckling  coefficients  for  an  infinitely  long  flat  plate  are  S.35  for  simply-supported  edges 
and  8.98  for  clanq>ed  edges.  Since  the  bottom  hull  plating  on  a  longitudinally  framed  shq> 
extends  for  several  hundred  feet  and  is  welded  to  the  longitudinals,  we  can  assume  that  the 
inter-longitudinal  plating  spans  are  clamped  rectangular  plates  of  approximate  infrnite  length 
for  which  Ks  =  8.y8  .  The  critical  shear  stress  is  obtained  by  substituting  into  Equation 
(5)  the  expression  for  the  flexural  plate  rigidity  and  dividing  by  the  thickness  h  . 

^8.98  Tt^Eh^ 
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Southwell  and  Skan  also  determined  the  real  form  of  the  general  solution  for  the 
deformed  shape  w(x,y) . 


w„orl .  C  j  *  .  a}  *  .  a|] 


Reference  S  gives  the  values  for  the  constant  coefficioits  K ,  L ,  and  M  as  well  as 
the  buckling  parameters  k  ,  P  ,  and  a ,  which  depend  upon  the  boundary  conditions. 
For  clamped  edges  these  constants  are: 

K=  0.6728  L  =  -0.0131  M  =  - 0.0008925  k  =  2tt/3.2 

a  =  -1.977  P  =  1.804  8  =  4.334 

A  surface  plot  of  the  out-of-plane  displacement  w(x,y),  given  by  Equation  (7)  for 
clamped  edges,  is  shown  in  Figure  1 . 


Figure  1;  Plot  of  elastic  shear  buckling  solution  w(x,y) 
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The  longitudinal  buckling  wavelength  2a  shown  in  Figure  1  has  also  been  determined 
by  Southwell  and  Skan  for  both  clamped  and  singly-supported  boundary  conditions.  For 
a  dimensionless  wavelength  defined  by  A  s  2aA> : 

A  =  2.67  —  for  simply  supported  boundaries 
A  =1.60  —  for  clamped  boundaries 

After  publication  of  the  Southwell  and  Skan  solution,  additional  analyses  were 
conducted  by  structural  engineers  in  the  1930s  through  the  1970s  to  determine  the  critical 
shear  stress  buckling  coefficient  Ks  for  plates  of  finite  length  with  various  degrees  of 
restraint  applied  to  their  edges.  In  1936  Timoslwnko^  solved  for  an  rpproximate  critical 
shear  stress  buckling  coefficient  for  buckling  of  a  finite  length  rectangular  flat  plate  with 
singly-supported  edges.  Two  years  later  Iguchi^  presented  an  analysis  of  a  flat  rectangular 
plate  with  three  different  edge  conditions. 

(1)  All  edges  rigidly  clamped 

(2)  Long  edges  clamped,  short  edges  simply-supported 

(3)  Long  edges  simply-supported,  short  edges  clamped 

Up  to  this  point,  the  solutions  obtained  by  Southwell  and  Skan,  Timoshenko,  and 
Iguchi  referred  to  the  buckling  mode  shape  as  symmetric  due  to  the  symmetry  of  the  mode 
sh^  with  respect  to  a  diagonal  across  the  plate  at  the  node  line  slope.  In  1947  Stein  and 
Neff*  examined  both  a  symmetric  and  an  asymmetric  buckling  mode  for  a  rectangular  plate 
with  all  edges  simply-supported  and  in  1948  Budiansky  and  Coiuior^  investigated 
symmetric  and  asymmetric  buckling  modes  for  a  fully  clamped  rectangular  plate.  Gerard 
and  Becker^®  presented  a  comprehensive  review  of  this  work  in  1957  showing  that  the 


®  limoshenko,  S.  P.,  Theory  of  elastic  stability,  McGraw  Hill,  New  Yoik  and  London,  First  edition, 

1936,  pp  357-363. 

^  Iguchi,  S.,  "Buckling  of  rectangular  plates  under  shear  stresses",  Ingenier-Archiv,  Part  DC,  p  1,  1938. 

^  Stein,  M.,  Neff,  J.,  "Buckling  stress  of  simply-supported  rectangular  flat  plates  in  shear",  NACA  TN 
1222,  1947. 

^  Budiansky,  B.,  Connor,  R.W.,  "Buckling  stresses  of  clamped  rectangular  flat  plates  in  shear",  NACA  TN 
1559,  1948. 

Gerard.  G.,  Becker,  H.,  "Handbook  of  structural  stability.  Part  1-Buckling  of  flat  plates",  NACA  TN 
3781,  1957. 
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asymmetric  buckling  mode  has  a  lower  Ks  than  the  symmetric  mode  for  a  small  range  of 
plate  aspect  ratios.  Gerard  and  Becker  also  presented  a  series  of  plots  and  tables  from 
which  Ks  could  be  calculated  for  an  intermediate  level  of  edge  restraint  between  the 
sirrply-supported  and  clamped  conditions. 

In  1963  Cook  and  Rockey^  ^  presented  a  solution  for  the  in-plane  shear  buckling  of  a 
rectangular  plate  which  is  clamped  along  one  edge  and  simply-supported  on  the  other  three 
edges.  They  also  refined  the  solution  for  the  case  of  two  opposite  edges  simply-supported 
and  the  other  edges  clamped  for  various  plate  aspect  ratios.  A  variational  approach  was 
utilized  with  the  following  approximation  for  the  plate  out-of-plane  displacement  w(x,y) . 


w(x,y)=  X  X 

tn  =  0  n  =  1 


amn  COsjffi^) 


The  constants  d  and  b  are  the  respective  length  and  width  dimensions  of  the  rectangular 
plate.  The  accuracy  of  this  Fourier  series  solution  was  enhanced  by  carrying  out  the 
calculations  using  up  to  45  coefficients  "amn''- 

Additional  research  conducted  in  the  1970s  by  Rockey*^’^^’*^  focused  on  the  ultimate 
load  plastic  behavior  of  plate  girders  loaded  in  shear  and  developed  a  design  method  for 
prediaing  the  collapse  behavior  of  plate  girders.  Although  the  girder  problem  differs 
somewhat  from  the  hull  plate  shear  buckling  problem  in  the  application  of  the  external  load, 
the  web  response  to  the  shear  load  near  the  ends  of  a  sinqrly-supported  girder  is  similar  to 
that  of  a  flat  rectangular  plate  to  in-plane  shear  applied  along  its  clamped  edges.  This  is 
because  the  bending  stresses  induced  within  the  web  are  small  compared  to  the  shear 
stresses  close  to  the  ends  of  the  girder.  Figure  2  illustrates,  however,  that  the  shear  stress 


Cook,  I.T.,  Rockey,  K.C.,  "Shear  buckling  of  rectangular  plates  with  inixed  boundary  conditions".  The 
Aeronautical  Quarterly,  vol.XTV,  March  1963,  pp  349-356. 

Rockey,  K.C.,  Skaloud,  M.,  "The  ultimate  load  behavior  of  plate  girders  loaded  in  shear".  The 
Structural  Engineer,  vol.  50,  no.  1,  Jan  1972,  pp  29-48. 

Rockey,  K.C.,  Evans,  H.R.,  Porter.  D.M.,  "The  ultimate  load  behavior  of  longitudinally  reinforced 
plate  girders",  structural  analysis,  non-linear  behavior  and  techniques.  Transport  and  Road  Research  Lah 
Report  SR  164UC,  Crowthome  1975,  pp  162-174. 

Rockey,  K.C.,  Evans,  H.R.,  Porter,  D.M.,  "A  design  method  for  predicting  the  collapse  behavior  of 
plate  girders",  Proc.  Instn.  Civ.  Engrs.,  part  2,  vol.  65,  Mar  1978,  pp  85-1 12. 


through  the  depth  of  the  web  is  not  unifoim  as  is  the  case  in  our  problem.  The  flanges  of 
the  symmetric  girder  shown  in  Figure  2  act  to  restrain  the  web  from  buckling  in  a  manner 
similar  to  the  longitudinal  stifleners  of  a  flat  plate. 


Figure  2:  Failure  Model  for  Symmetrical  Girder  Loaded  in  Shear 

The  plate  girder  experiments  and  analyses  conducted  by  Rockey,  Evans,  Porter,  and 
Skaloud  give  some  insight  into  the  pure  shear  problem  by  illustrating  with  numerous 
photographs  and  contour  plots  how  buckling  of  the  web  is  induced.  The  web  buckling 
mode  which  develops  when  the  flanges  are  strong  enough  to  resist  plastic  hinge  foimation 
resembles  the  pure  shear  problem  although  the  mode  shape  is  strongly  affected  by  the 
placement  of  web  stiffeners  unlike  the  hull  plate  of  a  longitudinally  flamed  ship. 

The  research  conducted  afler  Southwell  and  Skan's  initial  solution  of  the  infinite  plate 
and  discussed  up  to  this  point  has  focused  on  developing  an  accurate  value  for  the  critical 
shear  stress  buckling  coefficient  Ks  for  plates  of  finite  length.  As  discussed  earlier  it  is 
proposed  that  for  a  longitudinally  framed  ship  hull  the  plate  length  may  be  assumed  to  be 
infmite.  Therefore,  the  Southwell  and  Skan  solution  for  a  clamped  plate  of  infinite  length 
is  sufficient  to  provide  the  insight  necessary  for  this  hull  plate  buckling  analysis. 
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3.  Formulation  of  Analytical  Models 

3.1  Plastic  Buckling  Model 

Tlw  derivation  of  an  analytical  model  for  plastic  shear  buckling  is  based  upon  the 
princq>le  that  the  rate  of  external  work  is  equal  to  the  rate  of  internal  energy  diss^adon 
Eintemai  =  External  for  a  stiess  field  Satisfying  equilibrium  and  a  strain  field  derived  fiom  a 
continuous  displacement  field.  The  rate  of  external  work  applied  per  unit  length  of  the  plate 
is  equal  to  the  shearing  force  per  unit  length  multiplied  by  the  translation  velocity  s  of  one 
plate  edge  relative  to  the  other. 


Eextemal  —  Fs  S 


The  rate  of  internal  plastic  work  absorbed  within  die  plate  can  be  expressed  in  terms 
the  internal  stress  and  strain  fields  integrated  over  the  volume. 


tJotp  £a3  dV 


dS 


The  Love-Kirchhoff  hypothesis  can  be  applied  to  this  problem,  giving  a  linear  strain 
distribution  through  the  thickness  of  the  plate  that  depends  on  the  curvature. 


£aP  —  Cap  +  Z  Kap 


The  strains  Eap  and  curvatures  Kap  correspond  to  mean  values  through  the  thickness  of 
the  material.  The  strain  rate  becomes: 

.O 

Cap  ~  Cap  +  z  Kap 
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Therefore,  the  rate  of  internal  plastic  work  can  be  expressed  as: 


Ei„t  = 


^  K(xp  dz  dS 


Since  Cap  and  Kap  are  constant  through  the  thickness  of  the  material  they  can  be  brought 
outside  the  integral. 


Eint  — 


( f « r  r 

I  €ap|  <TaP  dz  +Kap|  Oapzdz 

yg  L  /Ji/J  J-h/2 


The  internal  plastic  work  can  now  be  expressed  in  terms  of  the  membrane  forces  and 
bending  moments. 


Naps  I  Oapdz 


Mops  I  Oapzdz 


I  ^oipNoip  "t"  Kap^op  dS 

Js 


The  rate  of  plastic  work  for  the  prismatic  buckling  element  can  be  written  in  an  expanded 
form  in  terms  of  in-plane  mean  strain  rates  (  e^x  >  ^xy ,  £yy  )  and  mean  curvature  rates 
(  Kxx.  Kxyi  Kyy  ).  The  corresponding  generalized  stresses  are  membrane  forces  (Nxx> 
Nxy,  Nyy)  and  bending  moments  (Mxx,  Mxy,  Myy).  For  an  element  with  plastic  hinges  the 
rate  of  internal  plastic  work  is: 

Eintemal  ~  J  (Nxx^xx  +  2NxyCxy  +  Nyy£yy)  dS  + 

I  MxxKxX  +  ZMxykxy  +  Myykyy  +  X 

Js  i 
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The  last  terni  in  Equation  (8)  conresponds  to  the  energy  diss^ation  in  the  budding 

o  ^ 

element  plastic  hinges  where  Mo  =  -^  is  the  fiilly  plastic  bending  moment,  a©  is  the 

•(i)  ... 

constant  flow  strength,  and  0  is  the  rate  of  rotation  at  the  i*  hinge  line  of  length  L'*'. 

The  plastic  hinge  moment  Mq  is  actually  an  approximation  for  the  von  Mises  plastic  hinge 

moment  assuming  plane  strain. 


Mo 


2got^ 

VI4 


The  large  out-of-plane  distortions  associated  with  buckling  in  die  plastic  region  make  it 
difficult  to  deteiiTtine  an  exact  solution  for  the  continuous,  non-linear  distribution  of  strains 
within  the  plate.  Therefore,  certain  assumptions  are  made  to  simplify  the  geometry  which 
make  it  possible  to  formulate  an  approximate  solution  for  the  plate  resistance  in  shear 
during  plastic  buckling. 

3.1.1  Geometry  of  Buckling  Model 

To  formulate  a  geometry  for  plastic  shear  buckling  of  the  plate,  a  simplified  buckling 
shrpe  is  assumed  based  on  intuition  provided  from  the  elastic  buckling  solution  and  from 
experiments.  Prismatic  buckling  elements  are  chosen  to  replace  the  elastic  elements 
corresponding  to  one  half  of  the  longitudinal  buckling  wavelength  2a  as  shown  in  Figure  3. 


Figure  3:  Prismatic  buckling  elonent  model 


Hie  crossed  hatched  areas  shown  in  Figure  3  indicate  iqiertures,  which  do  not  really 
exist  but  are  used  to  conceptually  visualize  the  membrane  stretching  and  shearing  which 
must  occur  as  the  element  buckles  cut-of-plane.  The  derivation  of  this  analytical  model  is 
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based  upon  the  geometiy  of  a  single  buckling  element  of  width  b  and  length  a  and  an 
initial  angular  orientation  P  relative  to  the  transverse  direction.  The  half  wavelength  "a" 
must  be  chosen  later  after  analysis  of  both  experimoital  and  analytical  buckling  results. 
This  buckling  element,  which  is  the  foundation  for  the  analytical  model,  is  shown  in 
Figures  4A  and  4B. 

The  formulation  for  the  plastic  work  due  to  element  shear  assumes  that  the  out-of¬ 
plane  deformations  are  small  erKMigh  so  that  tl»  relative  displacements  between  the 
opposing  edges  of  the  qxrture  can  be  projected  onto  a  horizontal  plane  and  still  accurately 
represent  the  actual  relative  displacements  which  induce  shear  in  the  element.  In  odier 
words,  the  three  dimensional  nature  of  the  aperture  is  not  considered  so  that  displacements 
which  induce  out-of-plane  bending  and  torsion  across  the  aperture  can  be  neglected. 

To  obtain  the  deformed  geometry  in  Figure  4B  assume  that  the  four  triangular  sub¬ 
elements  which  comprise  a  single  buckling  elonent  retain  dieir  original  shqie  which  opens 
an  qierture  along  the  compressed  diagonal.  The  entire  element  undergoes  in-plane  rotation 
by  an  angle  4>  and  the  flat  sub-elements  undergo  out-of-plane  rotarirms  6i  and  63  alrmg 
their  respective  longitudinal  and  transverse  edges.  This  hypothetical  element  widi  die 
rqperture  can  absorb  plastic  work  only  within  its  plastic  hinges.  Then  assume  that  to 
account  for  membrane  and  shear  strains  within  the  element  the  aperture  does  not  exist 
resulting  in  membrane  and  shear  strains  being  induced  within  the  element  which  can  be 
measured  from  the  displacement  discontinuities  which  exist  across  the  aperture. 

The  geometric  constmction  of  this  deformed  geometry  for  the  rqierture  rests  on 
maintaining  the  bisector  angles  ai  and  02 ,  shown  in  both  Figures  4A  and  B,  constant 
while  translating  the  uf^r  longitudinal  edge  a  distaiKe  s  relative  to  the  lower  lorigitudinal 
edge.  The  angles  aj  and  0.2  are  equal  to  (n/2-^).  The  points  Pi  and  P2  are  the  qiex 
points  of  the  r^rture  and  also  exhibit  the  maximum  out-of-plane  di^lacement  in  the 
deformed  geometry.  These  points  diverge  from  the  coitroid  of  the  undeformed  element 
during  plastic  shear  deformation  forming  the  qierture.  Later  on  it  will  be  shown  that  die 
trajectories  of  these  "apex"  points  during  progressive  buckling  must  be  calculated  so  that 
die  total  shear  strain  and  membrane  strain  within  die  element  can  be  determined.  These 
trajectories  are  equal  but  opposite  in  sign  and  are  shown  as  the  vectors  +Uo  and  -Uo  in 
Figure  4. 
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longitudinal  edge 


b  tan  P 


Figure  4A:  Prismatic  buckling  element  undefonned  geometry 
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Longitudinal 
Plastic  Hinge 


Plastic  Hinge 

Figure  4B:  Prismatic  buckling  element  deformed  geometry 
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Complete  definitions  for  all  parameters  shown  in  Figures  4A  and  4B  are  given  below. 


Definitions 


a  -  one  half  of  the  longitudinal  buckling  wavdengdi 

b  -  width  of  plate  element  correspcHiding  to  longitudinal  spacing 

(oti,  a2)  -  element  bisector  angles  equal  to  (Ji/2-P) 

P  -  initial  angular  orientation  in  radians  of  buckling  element  with 

respect  to  transverse  direction 

s  -  relative  translation  in  the  longitudinal  direction  between  element 

longitudinal  edges 

<!>  -  element  shear  rotation  angle,  from  Figure  3  it  can  be  seen  that: 


4>  =  tan” 


S  CO 


[b/cos!(p) 


=  tan 


-II 


^cos 

b 


±6 1  -  out-of-plane  rotation  about  Irmgitudinal  axis  for  longitudinal  edge 

plastic  hinges 

±6  2  -  out-of-plane  angular  rotation  for  element  diagonal  plastic  hinges 

±03  -  out-of-plane  angular  rotation  for  element  transverse  edges 

(x,  y)  —  Cartesian  coordinates  widi  origin  at  element  centroid  and 
aligned  with  element  longitur^al  and  transverse  directions 

(^,r|)  -  local  coordinates  with  origin  at  element  centroid  and  aligned 

parallel  and  normal  to  aperture  center  axis  projected  onto  the 
horizontal  plane 


(Uo,  -Uo)  —  displacement  vectors  which  define  the  respective  trajeaories 

of  apex  points  PI  and  P2  in  the  horizontd  plane,  these  vectors  can 
be  decon^tosed  into  two  conponents  in  eidier  the  Cartesian  or 
local  coordinate  systems,  Uq  =  (u^,  Uy)  or  (u^,  Ut^) 

0^  -  angle  measured  between  X  and  T|  coordinate  axes,  from  Figure  3: 


=  tan 


-l/a  -  b  tan  P  -  s 


Other  variables  that  are  not  indicated  in  Figures  4A  and  B  that  will  be  used  in  our 
formulation  include: 

A.  -  longitudinal  non-dimensional  buckling  half-wavelength  ( A.  =  a/b) 

-  shear  strain  relative  to  local  coordinates 

-  shear  stress  relative  to  local  coordinates 
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t  -  plate  thickness 

S  -  surface  area  of  element 

Ao  —  maximum  amplitude  of  aperture  or  distance  between  points  PI  and  P2, 
from  Figures  4A  and  B: 

Ao  =  |2uo| 

Wo  —  maximum  out-of-plane  displacement  of  plate  at  apex  points  Pi  and  P2 
-  strain  along  the  r\  axis 

Mo  — -  plastic  hinge  moment  based  on  von  Mises  criterion 


,2  2 

Mo  =  approximated  by  Mo  = 

NDSF  -  non-dimensional  or  "normalized”  shear  force  obtained  by  dividing  die 
shear  force  on  an  element  of  specified  length  by  Mo 

3.1.2  Shear  Strain  Plastic  Work 

The  shear  strain  in  the  buckled  element  has  been  approximated  by  measurement  of  a 
shear  discontinuity  across  the  torture  of  the  element.  The  relative  motion  in  the  ^  direaion 
between  the  opposing  edges  of  the  ^rture  is  utilized  to  measure  a  shear  strain  across  the 
aperture  which  in  turn  can  be  used  to  approximate  the  shear  work  across  tlM  qierture  that  is 
actually  distributed  in  a  continuous  fashion  throughout  the  element. 

In  general,  membrane  deformations  of  thin  plates  involve  both  stretching  and  shear. 
The  relative  motion  in  the  ^  direction  between  the  t^iposing  triangular  sub-element  edges 
which  foim  the  torture  boundaries  is  utilized  to  visualize  and  quantify  the  shear  strains 
present  within  the  buckled  element  for  which  there  is  no  aperture.  For  the  buckled  element 
which  has  no  aperture  this  motion  can  not  occur  thus  inducing  shear  strains  across  the 
element  tqierture  axis  ^ .  The  first  step  in  this  formulation  is  to  check  whether  or  not  there 
are  any  initial  element  orientations  ^  such  that  the  shear  strain  is  zero  after  deformaticxi 
occurs.  This  process  will  allow  us  to  better  understand  the  mechanism  by  which  shear 
strains  develop  in  the  prismatic  element. 

For  the  shear  strain  to  be  zero,  the  s^rture  apex  points  Pi  and  P2  must  move  along 
a  trajectory  that  is  at  all  times  normal  to  the  local  aperture  center  axis  ^  •  'This  means  that 
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only  membrane  stretching  must  occur  for  the  aperture  edges  to  remain  connected.  For  this 
to  be  true  0xti  must  equal  the  arctangent  of  (Uy^x). 


(9) 


The  displacen^nts  Ux  and  Uy  can  be  obtained  from  Figure  4B: 


“y  ^  (^)  = (^)  (5 ) 


The  foUowing  relationship  for  zero  shear  can  be  obtained  by  substituting  for  Ux  and  Uy 
into  Equation  (9). 


= («^)  cos^p 

b  s/2  '  b  ' 


Algebraic  simplification  of  this  no-shear  condition  yields; 


(a  -  b  tanp  -  s)  =  (a  -  s)  cos^p 


(10) 


In  this  formulation,  p  can  assume  any  value  between  0  and  n/2.  Since  the  no  shear 
condition.  Equation  (10),  is  only  satisEed  if  P  =  0 ,  shear  exists  widiin  die  aperture  for  all 
(0  <  p  <  71/2) . 

An  tfiproximate  shear  strain  can  be  defined  as  die  angular  difference  between  the 
opposing  trajectories  of  points  Pi  and  P2  shown  in  Figure  4B  and  the  axis  ri  which  is 
noimal  to  the  iqierture  centerline. 


u_  ^ 
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Substituting  for  Ux  and  Uy  gives: 


Y4ri  = 


In  teims  of  the  non-dimensional  half-wavelengdi  X  and  element  shear  rotation  O.the 
shear  strain  is: 


tan"^(x  cos^P  -  tano)  -  tan*  Vx.tanP--tan^ 


2 

cos  p  I 


(11) 


The  expression  for  total  shear  strain  plastic  work  £$  within  the  element  is  given  l^: 

If  the  additional  assun^tion  is  made  that  the  plate  has  isotropic  material  properties  it  can  be 
stated  that  for  plastic  behavior: 

T 

The  absolute  value  of  must  be  taken  when  making  the  above  substitution  for  to 
keep  the  contribution  to  the  total  work  positive.  The  shear  strain  Y^^  can  be  taken  outside 

the  integral  since  it  is  assumed  to  be  constant  across  the  element  aperture. 

To  complete  the  derivation,  the  surface  area  integral  must  be  calculated.  This  surface 
integral  is  the  area  of  the  qreiture  gap  opening  which  is  die  length  of  diagonal  do  shown  in 
Figure  4A  multiplied  by  the  average  gap  width  Ao/2 . 
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Therefore,  the  shear  strain  plastic  work  is: 


<‘2) 

In  terms  of  X  and  <l> ,  Equation  (12)  becomes: 


The  only  unknown  in  Equation  (13)  is  Aq  which  can  easily  be  expressed  in  terms  of 
Ux  and  Uy  as:  _ 

Ao  =  2^Kl'  +  (“,f 


In  terms  of  X  and  d>,  Aq  becomes: 


A 


O 


=  b 


/jaD^\  + 

cos^P 

ycos^p / 

\  COS^P  COS^P  J 

=  t>Jin^Vl+(x 


COS^P 


(14) 
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At  this  point  the  plastic  work  on  a  single  element  due  to  shear  strains  measured  across 
a  closed  aperture  has  been  calculated  in  terms  of  constant  parameters  and  the  non- 
dimensional  variables  X  and  O.  Returning  to  Equation  (13)  the  rate  of  shear  strain 
plastic  work  can  be  expressed  as: 


The  con^nent  of  normalized  shear  force  per  unit  length  in  the  longitudinal  direction  due  to 
rq)erture  shear  strain  is  obtained  by  dividing  E,  by  the  shear  velocity  s  ,  the  plastic  hinge 
moment  Mo  >  and  the  element  length  a ,  substituting  the  above  and  rearranging: 


NDSFs 
unit  length 


Es 

s  Mo  a 


Eg  cos^P  cos^d> 
d>bMo  a 


NDSF 


S _ 


unit  length 


Oot  bV  (X.  -  tanp)  +  1  cos^P  cos 


2VI<l>b|5^)a 

4 


[Ao[y^|  +  |Y^|Ao] 


NDSF 


^  ^  ^  V(X-tanpf-t-  1  [Ao|Y§n|  +  |Y^|Ao] 


8 _ 


unit  length 


yJbtX<I» 


NDSFg  ^2  cos^pcos^<I>  /  /  tanp\  ^  ^ 
unit  length  VJt  y  \  /  ^2 


1^1' 


'4>b/ 


(15) 


Equation  (IS)  expresses  the  shear  strain  component  of  the  non-dimensional  shear  force 
per  unit  length  in  a  form  suitable  for  calculations  using  a  spreadsheet.  In  order  to  perform 
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these  calculations,  the  three  non-dimensional  parameters  inside  the  brackets  of  Equation 
(15)  must  be  determined  by  separate  calculations.  These  parameters  are  defined  as: 


(1) 

(2) 


ratio  of  maximum  tenure  opening  to  plate  width 

ratio  of  shear  strain  rate  to  shear  rotation  rate 

ratio  of  aperture  opening  velocity  to  the  shear  translation  velocity 
difference  between  plate  longitudinal  edges  at  ^  =  0  and  small  O 


From  Equation  (14): 


=  -tan^  '\j  \  +  |x,  cos^P  -  tan<l>) 
cos^p 


(16) 


The  time  rate  of  change  of  the  maximum  aperture  gap  (14)  is: 
A  =4(A  )  = 

O  (Jt  '  o/ 


bO 

2  tan^O  -  3Xtan4>  cos^p  +  X.  cos^P  +  1 

cos  P  cos  O 

V tan^O  -  2X,tan<I>  cos^p  +  X  cos'^P  +  1 

Therefore: 


-2-  = 


1 

2  ” 

2  tan^4>  -  3XtanO  cos^P  +  X  cos^P  +  1 

•y  y 

cos  P  cos  O 

V tan^4>  -  2Xtan<I>  cos^P  +  X  cos^P  +  1 

(17) 


Equation  (11)  gives: 


=  C>  sec  4> 


1 

1 

cos^P 

/ 

1+  X-tanP- 

\  COS^P / 

2 

1+  (X  cos^P  -  tan4>) 
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(18) 


LM=sec^<I» 


1 

1 

cos^P 

l+(x-tanP-  tanOj 

1+  (X  cos^p  -  tan<l>) 

\  cos^p/ 

Equations  (IS),  (16),  (17),  and  (18)  are  utilized  to  calculate  the  shear  strain  ctnnponent 
of  the  normalized  shear  force  on  a  spreadsheet.  The  results  of  these  calculations  are 
presented  in  Ch^^ter  5  and  the  calculations  themselves  are  included  in  Appendix  B. 

3.1.3  Membrane  Strain  Plastic  Work 


To  determine  the  membrane  strain  contribution  to  the  interna'  plastic  work,  a  principal 
coordinate  system  (^ ,  r\)  is  chosen  such  that  er^  is  aligned  with  the  element's  stretched 
diagonal  d2  shown  in  Figure  4A.  The  component  =  0  so  that  the  membrane  plastic  work 


becomes: 


To  determine  6q,  tl»e  cross  section  of  the  element  along  the  stretched  diagonal  d2  must  be 
examined  as  shovn  in  Figure 


Figure  5  Element  stretched  diagonal  cross  section 

The  membrane  strain  can  be  determined  in  terms  of  the  original  stretched  diagonal 
length  do  and  the  final  arc  length  of  the  membrane  I2  along  the  stretched  diagonal. 
Figure  4B  gives  the  dimensions  necessary  to  calculate  do  and  d2. 

do  =  (a  +  b  tanpf  +  b^ 
d2  =  (a  +  s  +  b  tanP)  +  b^ 
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The  arc  length  of  the  out-of-plane  membrane  I2  can  be  determined  from  Figure  5. 


=  4w  ^  +  (a  +  s  +  b  tanp)  -t-  b"* 


The  Green-Lagrange  strain  then  becomes: 


_  1 

4w^V  (a  +  s  +  btanp)  -  (a  +  btanp) 

d^ 

L  0  J 

2 

(a  +  btanP)  +  b^ 

(19) 


The  terms  in  the  Equation  (19)  can  be  expanded  and  then  sin^lifred  to  obtain  the  following 
expression  for  the  membrane  strain. 


2as  +  s^  +  2bs  tanp 
a^+  2ab  tanP+  b^tan^P+  b^ 


The  time  rate  of  change  of  the  membrane  strain  becomes: 


e  =  ^ 
n  2 


8w  w  +  2as  +  2ss  +  2btanB  s 

O  O _  _ ^ 


a^  +  2ab  tanP  +  b^tan^P  +  b^ 


The  rate  of  membrane  strain  plastic  work  can  now  be  calculated.  For  a  rigid-perfectly 
plastic  material  the  normal  force  to  the  applied  stress  per  unit  length  Nq  =  Oq  t .  An 
additional  observation  can  be  made  that  at  any  cross  section  cut  parallel  to  the  stretched 
diagonal  d2  the  triangular  sections  are  all  similar  triangles.  Due  to  this  fact,  the  ratio  of  the 
plate  surface  arc  length  to  the  original  flat  diagonal  length  at  every  cross  seaion  is  the  same. 
Therefore,  the  membrane  strain  is  spatially  constant  throughout  the  plate  and  only  varies 
with  time.  The  rate  of  incremental  strain  energy  absorbed  by  a  small  incremental  area  dS 
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within  the  s^iture  due  to  membrane  stresses  is  dEm  =  Co  Cii  t  dS  .  The  rate  of  membrane 
strain  plastic  work  per  unit  length  of  plate  is: 


E  =  I  N  £„ 

ml  o  T) 

Js 


dS  =  t  o  £„ 

o  11 


I 


dS 


For  a  per  unit  length  strip  of  element;  j  dS  =l*b  and  the  rate  of  membrane  plastic  work  is: 


t  c^b  [ 8w^w^  +  2as  +  2ss  +  2b  tanP  s 


^  ^  2ab  tanp  +  b^tan^P  +  b"* 


The  per  unit  length  normalized  membrane  resistance  NDSFmAmit  length  of  the  buckling 
element  is  obtained  by  dividing  Em  by  the  shear  translation  velocity  s  and  the  plastic 
hinge  moment  Mq. 


NDSFm 
unit  length 


Em 
s  ]S4o 


Em  COS^P  COS^O 

ObMo 


t  Cob  £^  COS^P  cos^<t 


Substituting  for  £^  yields: 


NDSFm  _  2b  cos^P  cos^O 

8wo| 

l*”U2a(-^] 

<I>b  'Ob ' 

+  2s| 

Ob 

1  +  2b  tanP 

^1 

Ob' 

unit  length  t 

a^  +  2ab  tanP  +  b^tan^P  +  b^ 

Noting  that  ®  2n  2^  and  dividing  the  numerator  by  b  ,  the  doiominator  by 
cos  P  cos  O 

b^  and  then  the  entire  membrane  non-dimensional  shear  expression  by  b  yields  an 
expression  in  terms  of  the  non-dimensional  wavelength  A, . 
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NDSFn,  ^4 
unit  length  t 


4  /^2.|  cos^P  cos^O  +  ^  ^  +  tanP 
^  P  M<i>b _ P  ^ 

^  +  2  ^  tanP  +  tan^P  +  1 

.2  D 


NDSF™  _4 

■'•(i 

“1  cos^P  cos^^  +  A,  +  +  tanP 

\q>b^  cos^P 

unit  length  t 

^  2 

X  +  2  X  tanP  +  tan  P  +  1 

(20) 


To  complete  this  derivation,  two  unknowns  in  Equation  (20),  w,,  and  w^ ,  must  first 
be  deteimined.  The  buckled  element  geonwtiy  shown  in  Figure  6  gives  the  information 
necessary  to  solve  for  w© . 


Figure  6:  Upward  buckled  element  geometry 
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From  Figure  6: 


Multiplying  and  dividing  by  b  permits  the  following  expressions  for  w^  and  to  be 
obtained  in  terms  of  X  and 


Equation  (20)  introduces  two  new  non-dimensional  parameters  for  the  determination 
of  the  non-dimensional  membrane  resistance. 

w 

(1)  —  ratio  of  maximum  out-of-plane  displacement  to  plate  width 
b 

w 

(2)  —  normalized  out-of-plane  di^lacement  velocity 
«I>b 

These  nim-dimensional  parameters  are  easily  calculated  firom  Equations  (21)  and  (22). 

2Xtand>  tan^<I> 

COS^P  COS^P 
cos^d> 
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/  2X  2tan<b 

+ 

2Xtan<I>  tan^<I> 

sin(2^) 

[cos^P  cos^P 1 

COS^P  cos'^p 

yyj  X  cos*0  + 

2>.taiKl>  tan^O 

J  COS^P  COS^P 

cos^<l> 

(24) 


Equations  (20),  (23)  and  (24)  are  presented  in  a  form  that  is  particularly  well  suited  for 
calculations  utilizing  a  spreadsheet.  The  non-dimensional  parameters,  Equations  (23)  and 
(24)  are  calculated  first  for  various  X  and  Once  determined  these  parameters  are  input 
into  Equation  (20)  to  calculate  the  non-dimensional  membrarre  resistance  per  unit  length. 
The  results  of  these  calculations  are  presented  in  Chapter  5  and  die  calculations  themselves 
are  included  in  Appendix  B. 

3.1.4  Plastic  Work  due  to  Bending 

The  final  component  of  plastic  work  absorbed  by  the  prismatic  buckling  element  is  due 
to  bending  stresses  and  strains  within  the  plastic  hinges.  It  is  assumed  that  plastic  hinges 
are  formed  within  an  out-of-plane  hinge  above  die  stretching  diagonal  and  along  the 
longitudinal  edges  adjacent  to  the  stiffeners.  The  stretching  diagonal  hinge  is  assumed  to 
connect  above  the  centroid  of  the  aperture  as  the  element  deforms.  However,  diis  results  in 
a  rolling  hinge  due  to  the  fact  that  the  two  halves  of  this  hinge  that  are  split  by  the  aperture 
move  in  opposing  directions.  The  plastic  work  associated  with  this  rolling  hinge  is 
neglected.  The  concentrated  twisting  and  bending  that  occurs  across  the  qierture  is  also 
neglected. 


No  plastic  hinges  are  formed  at  the  transverse  edges  of  the  element  because  adjacent 
elements  buckle  out-of-plane  in  opposite  directions,  thus  preventing  hinge  formation.  This 
intuition  is  developed  from  observation  of  the  elastic  buckling  solution  presented  earlier. 


Note  that  this  computational  model  consists  of  sub-elements  with  flat  surfaces  such 
diat  plate  curvatures  are  zero. 


k  =k  =k  =0 


XX  xy  yy 

The  contributitni  from  the  second  term  in  Equaticm  (8)  to  the  continuous  rate  of  plastic 
work  disspation  vanishes.  Therefore,  the  only  contribution  for  die  rate  of  plastic  work  due 
to  bending  is  the  third  term  of  Equation  (8). 


Eb=  X 

i 
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The  rate  of  bending  work  for  two  longitudinal  hinges  and  one  diagonal  hinge  becomes: 

Eb  =  Mo  [20iL|  +  02L2. 

where  Li  and  L2  are  the  plastic  hinge  lengths  and  0i  and  02  are  the  hinge  rtxations  of 
die  longitudinal  and  diagonal  plastic  hinges.  Examinatimi  of  the  geometry  in  Figure  6 
yields  the  following  expressions  for  the  Icxigitudinal  hinge  rotation  0i  and  the  transverse 
element  boundary  rotation  03 . 


The  rotation  of  the  diagonal  hinge  02  can  be  solved  for  in  terms  of  0i  and  03  for  the 
geometry  where  P  a  0  and  small  rotations  are  assumed  so  diat  the  small  angle 
approximation  can  be  qiplied. 


The  hinge  rotation  rates  can  now  be  expressed  in  terms  of  w^ , 
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Several  algebraic  steps  are  necessary  to  derive  a  sin^lified  expression  for  9^  • 


The  rate  of  plastic  work  due  to  bending  at  the  plastic  hinges  can  be  expressed  in  terms 
of  the  hinge  rotation  rates  by  Equation  (25)  since  the  longitudiruil  hinge  length  Li  =  a  and 
the  diagonal  hinge  length  L2  can  be  expressed  as: 
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The  total  rate  of  bending  woik  dissipatitm  by  the  buckling  element  is: 


6^  =  2M„a|eJ  +  Mjej 


(25) 


The  first  term  in  Equation  (25)  is  the  rate  of  plastic  wodc  due  to  bending  in  the  longitudinal 
hinges  while  the  second  term  is  the  rate  of  plastic  work  in  the  diagonal  hinge. 

The  per  unit  length  normalized  shear  force  component  due  to  bending  NDSFb  can  be 
obtained  by  dividing  the  rate  of  holding  energy  absorption  by  the  shear  translatitHi  velocity 
s,  the  plastic  hinge  moment  Mq,  and  the  elemeitt  length  a. 

NDSFh  ■  Eh  E),  cos^p  cos^» 
unit  length -sM„. 


[  4,b  V  '  ^  Kb  /J 


Substituting  for  |6  j  and  62  into  the  expression  for  NDSFb  yields  the  following  result. 


It  is  interesting  to  note  that  Equation  (26)  contains  the  same  non-dimensional 
parameters  that  were  calculated  earlier  in  Equations  (23)  and  (24)  for  the  membrane  strain 
plastic  work. 


w  w^ 

(1)  -f  and  (2) 

4>b 

3.1.5  Total  Internal  Plastic  Work 

The  shear  strain,  membrane  strain,  and  bending  components  of  the  normalized  shear 
force  are  added  together  to  calculate  the  total  non-dimensional  shear  force  or  NDSF  per  unit 
length  in  the  longitudinal  direction. 


NDSF  ^  NDSF,  ,  NDSF,,  ,  NDSF^ 
unit  length  unit  length  unit  length  unit  length 

Equations  (IS),  (20),  and  (26)  form  the  three  components  of  the  normalized  shear 
force  per  unit  length  of  the  plastic  buckling  model  that  will  be  extensively  used  in  C!h^er  S 
for  conqjarison  with  non-dimensionalized  experimental  results.  The  purpose  of 
normalization  of  the  shear  force  is  to  formulate  a  result  which  depends  solely  on  the 
dimensional  parameters  of  plate  thickness  and  width  as  well  as  the  non-dimensional 
parameters  X  and  O.  Experimental  results  from  materials  of  different  yield  stroigths  and 
plate  lengths  can  be  con^ared  direcdy  once  the  data  have  been  normalized. 

3.2  Elastic  Buckling  Models 

The  difficulty  faced  with  determining  the  shear  force  associated  with  plastic  buckling  is 
that  the  non-dimensional  plastic  buckling  half  wavelength  (X  =  a/b)  is  unknown.  Another 
problem  which  must  be  faced  is  that  the  plastic  buckling  model  does  not  accurately  predict 
the  shear  force  at  small  ^  since  the  plate  exhibits  elastic  rather  than  plastic  behavior  in  this 
region.  To  overcome  these  difficulties  it  is  necessary  to  examine  the  elastic  bdiavior  of  the 
plate  both  before  and  after  buckling  occurs. 

Plate  elastic  behavior  at  small  d>  is  examined  in  this  section.  The  shear  force  required 
to  bring  about  in-plane  plastic  flow  in  the  plate  without  buckling  is  also  formulated  at  the 
end  of  this  chapter.  Finally,  in  Chapter  5  a  comparison  is  made  between  the  results  from 
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all  analytic  models  and  experimental  results  resulting  in  the  ability  to  predict  how  X  and 
the  normalized  shear  force  vary  over  the  entire  range  of  shear  rotation  O . 


The  following  derivations  can  be  simplified  by  defining  for  P  =  0  that  ^  =  tan‘^^J 


or  for  small  =  ^  .  This  is  the  same  definition  for  ^  that  was  used  earlier  for  an 
b 

initial  buckling  orientation  angle  of  zero  =  0)  and  can  be  derived  from  the  earlier 
definition  by  setting  ^  =  0. 


3.2.1  Elastic  Pre-buckling  Load 

A  variational  t^proach  is  utilized  to  determine  the  elastic  pre-buckling  plate  behavior. 
The  goal  of  this  analysis  is  to  derive  a  simple  relationship  between  the  normalized  shear 
force  per  unit  length  and  the  shear  translation  angle  O . 


It  is  known  from  elementary  mechanics  that  =  Gyxy  =  2G£xy  where  the  shear 
E  1 

modulus,  G  =  2^1^  ,  and  e^y  =  2  Yxy  •  The  princ^le  of  virtual  work  relates  the 

external  work  done  on  the  plate  to  the  internal  elastic  strain  energy  stored  in  die  plate  for  a 
given  displacement  neld.  The  external  work  done  on  plate  element  of  area  S  =  ab  by 
shear  force  F  moving  through  a  di^lacement  6s  is:  5W  =  F  6s.  The  internal  strain 
energy  stored  within  the  plate  element  of  surface  area  S  =  ab  is: 


6U 


T  6e  dS 


In  the  elastic  regime,  the  princ^le  of  virtual  work  states  that  the  incremental  work  done  by 
an  external  force  Fe  on  the  element  is  equal  to  the  internal  elastic  strain  energy  stored 
within  the  element. 


F.Ss 


=  tj[  =»jf 


2Ge  6e  dS 

•'xy  xy 


Two  dimensional  shear  strain  is  defined  as: 


du  dv 
dy  ^  dx 


(27) 
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For  this  analysis  it  is  assumed  that  the  transverse  displacement  v  =  0  and  that  ^  =  0. 


Therefore,  the  shear  strain  is: 


e,  -  1  — 
2dy 


The  first  variation  of  the  shear  strain  is  given  by: 


■stl  - 


From  the  problem  geometry  already  established,  ^  =  ^  =  ^  for  P  =  0  and  small 
and  although  varies  with  time  it  is  a  constant  within  the  spatial  domain  of  the  plate  at 

du 

any  particular  instant.  Therefore,  substitutmg  for  ^  into  the  above  e:q)ressions  for  e^y 

and  6exy  gives:  exy=  2^  5£xy  =  2^^)  •  The  shear  strain  and  its  first  variation, 
Exy  and  SExy ,  can  then  be  substituted  into  Equation  (27)  yielding: 


F,6s 


Although  the  plate  has  not  yet  buckled,  consider  a  plate  element  of  the  same  length  a 
and  width  b  as  the  plastic  buckling  element  defined  in  the  previous  chapter.  Therefore, 
the  above  integral  for  the  element  becomes: 

Fe  6s  =  0-^0  80 

The  elemental  shear  force  Fe  can  be  expressed  in  terms  of  X  and  4>  by  noting  that 

X  =  ^  and  8«D  =  %. 
b  b 

Fe8s=(^ii|^)  5s  Fe  =  (s^)<l>  (28) 

where  =  (£L^)i,  the  elastic  pre-buckling  stiffiiess  coefficient 
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arjui 


Equation  (28)  relates  the  shear  force  within  the  elastic  range  on  an  element  of  width  b, 
length  a,  and  thickness  t  to  the  in-plane  shear  rotation  4>.  The  term  in  parentheses  is  die 
element's  elastic  stiffoess  coefficient  K^t  for  the  pre-buckling  mode  of  shear. 

The  normalized  shear  force  per  unit  length  can  be  obtained  by  dividing  the  element 
force  Fe  by  the  plastic  hinge  moment  Mo  and  the  element  length  a.  The  result  is  a 
normalized  shear  force  NDSFeiastic  per  vmit  length  in  the  longitudinal  direction  for  the 
elastic  pre-buckled  condition. 


NDSF elastic  _  F  e  _ 
unit  length  Mo  a 


GtXb 


2Moa 


0  = 


j£It 


2M, 


1* 


(29) 


O  I 

The  plastic  hinge  moment  Mo  =  was  stated  earlier  to  be  an  approximation  of  the 


hinge  moment  for  von  Mises  Mo  = 


.  The  shear  modulus  G  =  ;;7-^ — r 
VJ  4  2(1  +  v) 


Substituting  for  these  constants  into  (29)  yields: 


NDSF  elastic  _ 
unit  length 


0ot(l+v)J 


O 


(30) 


The  above  expression  (30)  gives  the  final  result  which  will  be  used  for  comparison  with 
experimental  results  in  Ch£q>ter  7.  The  stiffiiess  coefficient  for  non-dimensional  elastic 
shear  per  unit  length  becomes; 


-  E 

Oot(l+v) 


3.2.2  Elastic  Post-buckling  Load 

From  this  point  on,  to  simplify  notation,  the  element  shear  force  and  shear  rotation 
angle  at  which  buckling  occurs  are  designated  Fcr  and  Oct  respectively.  Also,  designate 
Feg  as  the  elastic  elemental  shear  force  after  buckling.  To  derive  the  shear  force  for  the 

elastic  post  buckling  regime,  the  assiunption  is  made  that  the  relationsh^  between  this  force 
and  the  shear  rotation  O  remains  linear.  This  is  reasonable  to  assume  given  the  fact  that 
the  plate  remains  in  the  elastic  range  and  the  shear  rotation  O  is  small.  The  next 
assumption  is  that  the  elastic  stiffiiess  coefficient  after  buckling  ( for  O  >  Ocr )  is  reduced  to 
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half  of  its  original  value.  This  assumption  is  based  on  the  fact  that  a  clamped  plate  will  lose 
approximately  half  of  its  elastic  stifftiess  when  it  distorts  out-of-plane  under  uniform 
compression.  Hence  it  is  assumed  that  the  loss  of  stifhiess  due  to  buckling  is  the  same  in 
compression  buckling  and  shear  buckling.  The  above  two  assumptions  lead  to  the 
following  formulas  for  the  buckling  element  shear  force  in  the  elastic  range. 


Fe  = 


GtbX 


<D 


( element  shear  force  prior  to  buckling  )  (31) 


Peg  “  Fcr  + 


GtbX 


(O-CDcr) 


( element  shear  force  after  buckling  ) 


(32) 


The  shear  rotation  angle  4>cr  and  critical  buckling  load  Fcr  must  be  substituted  into 
(32)  to  solve  for  Fee-  The  critical  shear  force  per  unit  length  fixim  Equation  (5)  is: 


N 


xyo 


8.98 


b2  J 


The  critical  normalized  shear  force  per  unit  length  is: 
NDSFcr /unit length 


In  order  to  determine  the  force  on  a  single  buckled  element  Fcr » the  shear  force  per 
unit  length  Nxy^,  must  be  multiplied  by  the  element  length  a.  Therefore,  Fcr  =  Nxy„*  a. 


F 


cr 


8.98 

12(l  -v2)b 


(critical  buckling  force  on  a  single  buckled  element) 


The  critical  shear  rotation  for  buckling  Ocr  can  be  solved  for  by  setting  the  elastic  pre¬ 
buckling  shear  force  equal  to  the  critical  buckling  load. 


GthX 

0  = 

EtbX 

[  2  \ 

4(1  +v) 

‘I>c 


8.98  71^  E  t^  X 
12(1  -v2)b 


Therefore:  a  _  8.98  n^(l  +  v)  t^ 

""  3(1-V2)b2 
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Now  that  Per  and  <I>cr  have  been  detennined  these  expressions  can  be  substituted 
back  into  Equation  (32)  to  detennine  the  shear  force  Peg  over  the  entire  elastic  post- 

buckling  range. 


PeB 


8.98  n^Et^X 
12(1  -v2)b 


EtbX 

8(1  +v). 


(8.98  Tt^l  +  v)t^^ 
I  3(l-v2)b2  I 


The  post  buckled  normalized  shear  force,  NDSPeig  ,  per  unit  length  in  the  elastic  regime 
can  be  determined  from  the  post-buckled  shear  force  by  dividing  by  Mo  and  the  element 
length  a . 

NPSP elg  _  F eg 
unit  length  M,,  a 


NDSPeig  8.98re^Et  , 

r  E 

^  8.98jt^(l+v)t^ 

OBit  length  3(,.v%„b' 

2tao(l+v) 

3(l-v^)b^ 

Equation  (33)  is  the  i^roximate  solution  for  the  elastic  post-buckling  load  over  the 
entire  range  of  O  >  Ocr .  The  above  equation  is  only  good  as  long  as  the  plate  behaves 
elastically.  It  does  not  predict  the  onset  of  plastic  behavior.  Therefore,  development  of  a 
complete  analytical  model  rests  on  combining  the  results  of  both  the  elastic  and  plastic 
models  and  then  comparing  them  with  experimental  results  to  determine  the  range  of  4> 
over  which  each  model  is  valid.  This  will  be  addressed  further  in  Chapter  5. 


3.3  Analytical  Model  for  Plastic  Flow  without  Buckling 

To  complete  this  analysis  the  in-plane  plastic  flow  or  "no  buckling  plastic  flow" 
(NBPP)  mode  must  be  addressed.  This  behavior  is  expected  to  occur  in  plates  with  a 
relatively  small  width  to  thickness  (bA)  ratio  for  which  the  critical  angle  <I>ct  for  elastic 
buckling  ^qjproaches  infinity  as  shown  in  Pigure  7.  A  plot  of  <I>cr  versus  bA  ratio  is 
shown  in  Pigure  7. 
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Figure  7:  Critical  shear  rotation  for  elastic  buckling  versus  bA  ratio 

From  Figure  7  it  can  be  seen  that  Ocr  increases  r^idly  as  the  bA  ratio  drops.  This 
makes  sense  intuitively  since  it  is  expected  that  thick  stocky  plates  will  have  a  much  higher 
resistance  to  out-of-plane  distortion  due  to  their  higher  holding  rigidity.  A  greater  force  is 
required  to  achieve  the  larger  critical  shear  translation  angles  for  buckling  at  low  bA  ratios. 
Therefore,  it  is  expected  that  plastic  failure  will  occur  prior  to  the  onset  of  buckling  for 
plates  with  relatively  low  bA  ratios. 

The  piupose  of  this  formulation  is  to  determine  the  shear  force  required  to  cause 
plastic  failure  without  buckling.  There  are  four  assumptions  which  must  be  made  in  order 
to  determine  this  stress. 

(1)  The  boundary  conditions  on  the  plate  are  such  that  it  is  being  loaded  in 
uniform  shear  and  tension  along  its  longitudinal  edges  and  no  out-of-plane 
displacement  or  rotation  occurs  along  the  clamped  t^ges. 

*  Note  to  reader:  For  pure  in-plane  shear  of  an  isotropic  plate  with  edges  maintained  a 
constant  distance  sqjart  the  strain  £y  in  the  transverse  direction  is  zero.  Tl^  follows  from 
showing  that  for  a  displacement  u  in  the  x  direction  that  satisfies  strain-displacement, 
stress-strain,  and  equilibrium  relations  and  is  dependent  only  on  y,  with  v  =  w  =  0,  Ey  =  0 
is  the  only  solution.  This  condition  was  not  noticed  until  a  more  general  derivation  was 
completed  and  is  introduced  later  in  this  formulation  on  page  4S. 


41 


(2)  This  derivation  assumes  that  for  small  shear  strains  Yxy  the  incremental  change  in 
shear  strain  equals  the  incremental  change  in  the  shear  rotation  <C>.  This  is  in  contrast 
to  the  classical  definition  of  shear  strain  which  relates  the  shear  strain  increment  to  the 
tangent  of  the  shear  rotation  O: 


AVxy  =  A(tan  <1>) 

Therefore  the  shear  strain  within  the  plate  is  a  constant  equal  to  the  shear  translation  s 
divided  by  the  plate  width  b  and  the  shear  rotation  angle  O  is  small  so 

thatOss/b . 


£  =1^=-S_ 

2dy  2b 


(3)  The  strain  in  the  x  direction  is  zero. 

(4)  The  plate  material  is  assumed  to  obey  the  von  Mises  yield  condition  in  a  plane 
stress  (bi-axial)  stress  rield. 


2  2  2  2 
F  =  Cx  +  <Ty  -  <Sx<5y  +  3'fxy  ‘<^0  =  0 


(34) 


The  strain  rates  are  determined  from  the  associated  flow  rule. 


^  =  K 


_dF_ 

dOop 


ex  =  K^  =  k(2ax-Oy) 

(35) 

•  dF 

6y  =  K  0^  =  K  (2Gy  -  Ox) 

(36) 

1  •  dF  , 

^xy  ~  £yx  ~  2^  ~  3KTxy 

(37) 

The  stresses  Ox ,  Oy ,  and  Txy  can  be  solved  for  from  the  three  flow  rule  equations. 
First  manipulate  (35)  to  solve  for  Oy  and  then  substitute  for  Oy  into  (36)  to  solve  for  Ox 
solely  in  terms  of  the  strain  rates. 

Oy  =  2ax  -  ^ 

K 
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Ey  =  K  2j2Cx  - 


Ey  =  K 


30,-^ 


2£x 


=  3kOx  -  2  Ex 


Ox  =  ^(ey  +  2  Ex) 


3k 


(38) 


The  next  step  is  to  solve  for  Oy  in  terms  of  the  strain  rates  by  substituting  (38)  into  (35). 

£.  =  'i[2{^e,  +  2^-o, 


~  =“^£y  +  2  Ex)  -  Oy 

K  3  K 


Oy=;^(2£y+£x) 


(39) 


From  (37)  txy  can  be  expressed  in  temis  of  the  shear  strain  rate. 


txy-^ 
3  K 


(40) 


The  constant  K  can  now  be  determined  by  substituting  for  Ox ,  Oy ,  and  ^xy  into  the  von 
Mises  yield  condition. 


F  =  ^  (Cy  +  2  Ex)  ^  ^  (2  Ey  +  Ex)  ^  +  2£x)(2iy  +  E*)]  +  3j^j  -  Oo^  =  0 


(— )^  [(sy  +  2£x)^+  (2£y  +  £x)^-  (Cy  +  2Ex)(2£y  +  Ex)  +  3  (fixy)^]  =  Oo^ 
'3  K' 


Expanding  and  then  combining  terms  yields; 


2  2  2  2 
(30ok)  =  3Ey  +  3Ex  +  3Exey  +  3£xy 
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and  gives  the  following  expression  for  K  . 


K  =  ^ 

VJ  o. 


2.2..  .  2\ 
Ey  +  e*  +  ExEy  +  Exy  / 


(41) 


In  order  to  solve  for  the  shear  force  applied  to  the  plate  the  rate  of  external  work 
q)plied  must  be  equated  to  the  rate  of  total  internal  plastic  work  absorbed  within  die  plate. 
If  Fs  is  defined  as  the  shear  force  tqiplied  per  unit  length  of  plating  then: 


(S  =  1  *  b) 


(42) 


e  s  Gap  ^  =  (rate  of  plastic  work  dissipation  per  unit  volume  of  material) 

This  integral  will  be  taken  over  a  plate  surface  area  of  unit  length  so  that  S  s  1  *  b .  For  a 
plane  stress  field  the  rate  of  work  dissipation  can  be  expanded  into  the  following  form. 

e  =  GxEx  +  2Txy£xy  GyEy 

The  rate  of  plastic  work  dissipation  e  can  be  solved  for  in  terms  of  the  strain  rates  by 
substituting  for  o* ,  Gy ,  and  txy  from  Equations  (38),  (39),  and  (40). 

^=:;^fe  +  2€x)£x  +2  ^  £xy+;;L(2£y  +  Mey 
3k  '3k'  3k 

i  =  -JrlexEy  +  2£xV  2£xy^+  2£y^+  My) 

3k 

1  =  ^  (ex^  +  My  +  ey^+  Exy^l 
3k 

Substituting  for  k  from  Equation  (41 )  into  the  expression  for  plastic  work  dissipation  rate 
yields  following  expression. 

-  2  a  n  ^  2 

e  =  ^VEx  +exey  +  £y +exy  (43) 
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Further  simplification  of  the  expression  for  rate  of  work  dissipation  is  achieved  by  aj^lying 
the  initial  assumption  that  e*  =  0. 


r  2o„  1/72 


£y  £xy 


The  rate  of  work  dissipation  per  unit  volume  can  now  be  substituted  into  the  integral  (42) 
for  calculating  the  total  rate  of  plastic  work  absorbed  per  unit  length  of  plate. 


.»/  •  2  .2 

^  V  Ey  +  Exy  dS 


The  strain  rates  are  constant  over  the  entire  region  of  the  plate  for  any  instant  in  time  and 
can  be  taken  outside  the  surface  integral. 


F*s  =  ^Vey%£xy^ 


F  s  =  -  - 
NS-  ^ 


By  +exy  j 


dxdy 


The  surface  area  integral  is  equal  to  (1  *  b)  so  that  the  rate  of  internal  plastic  work 
absorbed  per  unit  length  becomes; 

•  VJ  *  »  'ss 

*  Note  to  reader:  As  noted  earlier  the  strain  rate  in  the  y-direction  turns  out  to  be  zero 
when  the  plate  stiffeners  are  constrained  to  have  a  constant  separation  distance  between 
them.  Since  this  condition  is  imposed  during  the  buckling  experiments,  the  total  internal 
plastic  work  for  the  in-plane  plastic  flow  deformation  riHxle  is: 


F  s  =  -  *  ^  e 
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To  proceed  further  with  this  formulation  requires  establishment  of  an  iqjproximate 

geometric  relationship  between  the  strain  rate  £xy  and  the  ntm-dimensional  geometric 
parameter  O .  One  of  the  initial  assumptions  of  this  formulation  was  that  the 


shear  strain  V  was  equal  to  sA>. 


-xy 


=  1^  =  _S_ 
2dy  2b 


The  diear  strain  rate  beccnnes: 


2  By  2b  ~  2 


The  rate  of  external  plastic  woric  applied  per  unit  length  can  now  be  obtained  by 
substituting  for  ^y  into  (45) . 


F.s=i^4>  (46) 

Dividing  both  sides  by  s  and  noting  that  ss4>b  yields  an  expression  for  shear  force  per 
unit  length. 

p  -t<yo 

»"  VJ  (47) 

The  normalized  shear  force  per  unit  length  for  plastic  deformation  without  buckling 
becomes: 

JIDSF£J82E_^  _4_ 
per  unit  length  VJt 

The  subscript  notation  "NBPF"  stands  for  "no  buckling  plastic  flow".  The  above 
expression  can  now  be  plotted  with  the  non-dimensional  shear  force  for  both  elastic  and 
plastic  buckling  and  completes  the  series  of  analytical  models  that  are  used  to  predict  actual 
plate  behavior.  A  comparison  with  expeririMntal  results  will  be  presented  in  Qir^ter  5. 

*  Note  to  reader:  It  was  noted  earlier  that  ey  =  0,  however,  the  NBPF  curves 
representing  in-plane  plastic  flow  in  Figures  8, 9,  and  27  as  well  all  Figures  in  Appendix  B 
were  calculated  assuming  that  the  strain  rate  in  the  y-direction  ty  was  not  zero.  Therefore, 
the  curve  exhibits  strengthening  due  to  additional  plastic  work  in  tension  while  Equation 
(48)  predicts  a  constant  force  which  originates  at  the  same  level  for  4>  =  0. 
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3.4  The  Complete  Analytical  Model 

L.  ^  jtions  3.1  through  3.3  various  analytical  models  have  been  formulated  to 
describe  die  behavior  of  the  plate  as  it  is  subjected  to  an  in-plane  shear  force  uniformly 
distributed  along  its  clan^d  edges.  To  complete  this  analysis,  these  models  must  be 
combined  in  such  a  way  that  diey  approximate  the  actual  plate  bdiavior  over  the  complete 
range  of  O .  To  accomplish  this,  the  previously  derived  solutions  for  non-dimensional 
shear  force  (NDSF)  have  beat  entered  into  a  computer  program  and  plotted  against  the 
shear  rotation  O  through  a  range  of  <I>  from  0-30  degrees  and  for  initial  buckling 
orientation  angles  ^  from  0  to  0.6  radians.  The  material  parameters  and  geometry 
assumed  for  this  plate  are  actual  parameters  frt»n  the  experimental  setup  described  in 
chpter  4.  This  facilitates  conparison  of  this  analysis  with  experimoital  results. 

A  plot  of  NDSF  versus  from  0-3  degrees  is  shown  in  Figure  8.  The  selected 
range  for  is  small  so  that  the  elastic  pre-buckling  and  post-buckling  behavior  can  be 
shown.  Another  plot  over  an  expanded  range  of  <I>  from  0-30  degrees  is  shown  in 
Figure  9.  The  following  plate  parameters  were  entered  for  diis  analysis  and  are  the  only 
iiputs  necessary  for  these  calculations. 

(1)  Young's  Modulus  -  E  =  29,000  ksi 

(2)  Plate  Width  -  b  =  4  inches 

(3)  Plate  Thickness  -  t  =  .0284  inches 

(4)  Plastic  Flow  Stress  (mean  over  interval  from  <I>  =  0  - 17  degrees)  -  Oq  =  43.4  ksi 

(5)  Poisson's  Ratio  -  v  =  0.3 

From  Figure  8  it  can  be  seen  that  the  plate  first  behaves  elastically  without  buckling  up 
to  an  NDSF  of  40  and  =  0.1  degrees.  The  sudden  change  in  slope  of  the  linear  elastic 
curve  at  0  =  0. 1  degrees  occurs  when  the  critical  load  for  elastic  buckling  is  reached. 

This  ideal  buckling  analysis  assumes  that  the  plate  is  perfectly  flat  and  has  no  initial 
imperfections,  therefore,  the  actual  critical  buckling  load  is  going  to  be  lower  that  this  ideal 
value.  In-plane  plastic  flow,  shown  as  the  "NBPF"  curve,  occurs  at  an  NDSF  slightly 
above  80.  Elastic  buckling  occurs  earlier  due  to  its  lower  critical  buckling  load.  Figure  8 
illustrates  that  the  plate  will  proceed  into  plastic  buckling  at  wavelengths  that  are  shoner 
than  the  initial  elastic  buckling  wavelength  solved  for  by  Southwell  and  Skan  which 
corresponds  to  a  non-dimensional  half- wavelength  X  =  ( 1/2*  A)  =  0.8  .  It  also  pjxars  that 
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NDSF  per  inch  of  plate  length  (betasO) 


Figure  8:  Non-dimensional  shear  force  versus  shear  rotation  angle  (0-3  deg) 


48 


NDSF  per  inch  of  plate  length  (beta=0) 


Figure  9;  Non-dimensional  shear  force  versus  shear  rotation  angle  (0-30  deg) 
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the  initial  plastic  buckling  half-wavelengdi  X  for  minimum  resistance  should  be 
approximately  0. 1 ,  however,  the  plate  must  undergo  a  transition  firom  the  larger  elastic 
buckling  mode  to  a  shorter  wavelength  plastic  buckling  mode. 

Figure  9  shows  the  behavior  of  the  plate  over  an  expanded  range  of  <I> .  As  O 
increases  the  non-dimensional  shear  force  for  die  shorter  wavelengdis  increases  more 
rapidly  than  the  longer  wavelengths.  Specifically,  the  wavelength  coriesptHiding  to  the 
minimum  resistance  buckling  mode  increases  as  the  shear  angle  O  increases.  The  in-plane 
plastic  flow  curve  that  assumes  a  buildup  in  tensile  membrane  stresses  runs  adjacent  to  but 
sUghdy  above  the  successive  minima  of  the  plastic  buckling  curves  corresponding  to 
increasing  values  of  X .  This  is  interesting  to  note  since  the  formulation  of  the  in-plane 
failure  result  is  entirely  independent  of  the  plastic  buckling  formulation. 

In  summary,  the  loading  trajectory  initially  follows  the  elastic  pre-  and  post-buckling 
curves.  It  then  intersects  and  closely  follows  the  in-plane  plastic  flow  curve  at  a  normalized 
load  slightly  above  80  and  then  bifurcates  into  the  specific  plastic  buckling  curve  which 
intersects  and  drops  below  the  NBPF  curve.  To  determine  the  exact  behavior  during  these 
transitions,  buckling  experiments  must  be  conducted  that  allow  measurement  of  the  actual 
X  observed  during  progressive  shear  buckling. 
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4.  Discussion  of  Plate  Shear  Buckling  Annaratus  and 
Experiments 


4.1  Experimental  Apparatus  and  Setup 

A  reusable  buckling  apparatus  was  designed  and  built  for  the  purpose  of  conducting 
in-plane  shear  load  tests.  Sheet  steel  specimens  are  bolted  into  a  mild  steel  frame  and  yoke 
assembly  shown  in  Figures  lOA  ,  lOB,  and  11.  llie  entire  assembled  apparatus  is  then 
attached  through  two  1/2  inch  pin  connections  to  an  INSTRON  8501  mechanical  testing 
machine.  In-plane  shear  is  applied  to  the  plate  by  holding  the  yoke  assembly  bolted  to  the 
outer  steel  bar  stiffeners  with  the  u|per  head  and  pulling  on  the  center  bar  stiffener  with  the 
lower  head  actuator. 


stiffeners 


Figure  lOA:  Buckling  apparatus  (end  angle  view) 
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stiffeners 


Figure  lOB:  Buckling  apparatus  (end  angle  view) 

The  outer  steel  stiffeners  are  prevented  from  moving  closer  together  by  cross  bars 
bolted  to  the  iimer  or  outer  stiffeners  at  each  end  of  the  £q>paratus.  These  cross  members 
allow  transverse  tensile  stresses  to  build  up  in  the  plate  during  buckling,  while  also 
peimiting  relative  motion  parallel  to  the  machine  loading  axis  between  the  center  and  outer 
bar  stiffeners.  These  cross  members  are  labeled  as  "transverse  displacement  restraints"  in 
Figures  lOA,  lOB,  and  11. 

This  steel  frame  is  specifically  designed  to  model  the  behavior  of  a  ship's 
longitudinally  stiffened  hull  plate  structure  subjected  to  in-plane  shearing  due  to  unequal 
longitudinal  displacement  of  the  stiffeners  along  each  edge  of  the  plate.  This  difference  in 
longitudinal  displacement  between  the  two  adjacent  stiffeners  causes  in-plane  shear  to 
develop  within  the  plate  which  can  be  induced  by  global  indentation  of  the  sh^'s  hull 
stracture.  This  hull  indentation  is  modeled  to  be  the  result  of  a  ship  running  into  an 
underwater  obstacle,  such  as  a  rocky  bottom,  and  will  be  discussed  further  in  Chapter  6. 


52 


4.2  Design  of  Buckling  Apparatus 

4.2.1  Metal  Test  Frame 

The  priority  for  the  design  of  the  buckling  test  frame  is  that  it  be  reusable  so  that 
various  tests  can  be  conducted  on  thin  steel  sheet  metal.  Another  important  factor  is  die 
load  testing  machine  into  which  the  test  frame  is  to  be  fixed.  The  size  and  load  carrying 
cj^acity  of  the  tensile  testing  machine  has  dictated  that  the  overall  length  of  the  qiparatus 
should  be  no  more  than  24  inches  for  the  plate  thickness  utilized.  A  final  constraint  is  that 
the  deflections  within  the  test  frame  not  be  excessive  at  full  load.  This  is  necessary  to 
approximate  the  rigid  boundary  conditions  of  the  analytical  model.  A  nomrigid  frame  can 
introduce  errors  in  the  load  versus  displacement  test  results  which  increase  the 
displacements  by  a  small  amount  and  make  the  plate  appear  to  have  increased  flexibility  in 
shear  buckling  by  allowing  the  plate  to  buckle  more  easily. 

4.2.2  Steel  Plating 

The  thickness  of  the  steel  plating  was  driven  more  by  the  thinnest  the  supplier  had  in 
inventory  than  by  design  concerns.  Rough  calculations  assured  that  the  plate  would  fail 
long  before  the  metal  frame  and  bolts.  Another  consideration  is  that  if  the  plate  were  too 
thick,  plastic  failure  would  occur  without  buckling.  This  is  undesirable  because  the 
purpose  of  the  experiment  is  to  validate  the  analytical  model  which  assumes  buckling.  The 
thickness  of  plate  chosen  for  the  initial  series  of  tests  was  0.284  inches,  which  results  in  a 
theoretical  critical  buckling  load  that  is  well  below  the  load  for  no-buckling  plastic  flow 
(NBPF). 

4.2.3  Fasteners 

The  bolts  used  in  this  design  were  hardened,  high  strength,  grade  8  fasteners.  Failure 
of  any  fastener  was  considered  unacceptable  in  this  design  due  to  the  fact  the  it  would 
interrupt  the  buckling  test  and  might  cause  damage  to  the  metal  test  frame.  The  high 
strength  bolts  can  also  take  the  torque  necessary  to  apply  significant  pressure  and  increase 
friction  between  the  plate  surfaces  and  the  stiffener  bars.  Friction  between  the  1/2  inch 
stiffener  bars  and  the  plate  sandwiched  in  between  them  is  considered  important. 
Otherwise,  localized  failure  can  occur  where  the  bolts  penetrate  the  plate,  since  not  enough 
of  the  shear  load  is  distributed  to  the  plate  through  friction. 
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4.2.4  Ball  Bearing  Slippage  Restraint 

After  the  first  two  buckling  tests  revealed  that  localized  failure  at  the  bolt  holes  was 
occurring  in  the  center  stiffener,  a  modification  was  made  to  the  center  stiffener  to  distrilHite 
the  shear  load  more  uniformly.  This  was  achieved  through  the  use  of  a  dozen  1/4  inch  ball 
bearings  placed  in  1/4  inch  holes  drilled  into  one  stiffener  bar  to  a  depth  of  1/8  inch  while 
slightly  larger  (S/16")  holes  of  the  same  depth  are  drilled  in  the  other  bar.  The  assembly  of 
the  bars  with  the  ball  bearings  and  steel  plate  sandwiched  in  between  results  in  local  plastic 
deformation  of  the  steel  plate,  forcing  it  to  conform  to  the  surface  of  the  ball  bearings, 
thereby  locking  the  steel  plate  in  position  and  preventing  sl^page.  The  locations  of  the  1/4 
inch  holes  drilled  to  a  depth  of  1/8  inch  for  the  ball  bearings  are  shown  below  in  Figure  12. 


1/4"  ball  bearings 


1/2"  bolt  holes  \ 

..n  -  J-  .-J _ I 


5/16"  diameter 
holes  (1/8"  depth) 


•  2"  spacing 


buckling  apparatus  center  stiffener  halves 
2 -(1.5"  *.5"  *20")  steel  bars 


Figure  12:  Ball  bearing  sUppage  restraint 

Two  important  factors  must  be  considered  in  the  design  of  this  slippage  restraint. 

First,  the  twelve  ball  bearings  should  carry  at  least  half  of  the  load.  The  reasoning  behind 
this  is  that  the  plating  sandwiched  between  the  outer  stiffeners  did  not  fail  locaUy  in  the 
vicinity  of  the  bolts  during  the  first  two  tests.  This  plating  is  subjected  to  half  of  the  load  of 
the  plating  bolted  to  the  center  stiffener.  Therefore,  reducing  the  localized  loading  around 
the  center  stiffener  bolts  by  one  half  should  prevent  localized  failure  of  the  plating. 

Second,  the  seven  1/2  inch  bolts  must  be  able  to  be  torqued  down  with  a  sufficient  force  to 
plastically  deform  the  plate  over  the  ball  bearings  and  cause  both  of  the  stiffener  bars  to 
come  in  contact  with  the  plate. 

Some  preliminary  calculations  have  been  done  to  estimate  the  effectiveness  of  the  ball 
bearing  slippage  restraints.  The  allowable  shear  of  10  kips  to  be  held  by  the  12  ball 
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bearings  gives  a  load  of  0.833  kips/bearing.  This  force  is  transmitted  from  the  bars 
through  the  ball  bearings  to  the  steel  plating  in  the  local  vicinity  surrounding  the  ball 
bearing.  The  diameter  of  the  hemispherically  deformed  plating  suiroimding  the  ball  bearing 
is  assumed  to  be  S/16  inch,  the  diameter  of  die  center  stiffener  holes  into  which  the  plate  is 
to  be  pressed. 

Therefore,  the  local  stress  on  the  plating  surrounding  the  bolt  is  the  shear  force  on  the 
bearing  divided  by  the  circumference  of  the  honispherical  region  of  plating  and  the  plate 
thickness. 


Local  Plate  Normal  Stress  s  -  -  _  29.9  ksi 

n  inj(0.0284  in) 

Since  this  local  plate  nonnal  stress  is  less  than  the  plate  yield  stress  it  is  assumed  that  no 
yielding  will  occur  around  the  ball  bearings. 

The  next  step  is  to  determine  the  mean  force  necessary  to  press  the  12  ball  bearings 
into  the  steel  plate  until  both  center  stiffener  bars  are  in  contact  with  the  plate.  This  has 
been  accomplished  by  equating  the  external  work  of  this  mean  force  moving  through  a 
distance  necessary  to  make  the  bars  come  into  contact  with  the  flat  portion  of  plate  (1/8 
inch)  to  the  plastic  work  necessary  to  obtain  the  local  plating  deformation.  In  order  to  see 
the  mechanisms  by  which  plastic  work  is  done  on  the  plate  it  is  necessary  to  examine  the 
deformed  geometry  of  the  plating  surrounding  the  ball  bearing  as  shown  in  Figure  13. 


steel  bar 
stiffener 
halves 


0.0284"  thick  cold 
rolled  steel  plate 

J/161 

as 

1 

Uihy 

1/4’-  baU 
bearings" 

2”  spacing 


1/2- 


Figure  13:  Cross  section  of  ball  bearing  plate  restraining  mechanism 
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The  plastic  woik  done  on  the  plating  consists  of  two  components,  membrane  work 
and  bending  work.  The  membrane  work  can  be  calculated  by  considering  the  fact  that  the 
original  surface  area  of  the  plating  is  equal  to  the  ball  bearing  maximum  cross-sectional  area 
and  the  final  surface  area  is  roughly  equivalent  to  the  surface  area  of  a  hemisphere  of  5/16 
inch  diameter.  If  a  plane  stress  condition  is  assumed  everywhere  in  the  plate,  except  in  a 
5/16  inch  diameter  circular  plastic  hinge  where  the  plate  initially  deforms  out-of-plane,  both 
the  bending  and  membrane  energy  contributions  can  be  calculated. 

The  membrane  work  for  plating  of  thickness  t  measured  in  inches  becomes: 

Ejjj  =  Oq  t  [increase  in  plate  surface  area] 


Assuming  a  plastic  hinge  rotation  of  approximately  75  degrees,  the  bending  work  becomes: 

Eb  =  Mo  0  n  in|  where  6  =  plastic  hinge  rotation  angle  =  75® 

The  total  strain  energy  absorbed  for  the  plating  deformed  by  twelve  ball  bearings  becomes: 

Eii«  =  Em+Eb=12aot  ^in^  +  (^in)t 

The  mean  force  Fm  required  to  press  the  center  steel  stiffeners  together  can  be 
obtained  by  equating  the  external  work  to  the  total  strain  energy  . 

FmS  =  Eint=  12  Oot  ^  in^  +  injt 
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C  _  12  Cot 
t*in-  s 


Fm  can  be  solved  for  by  substituting  Oq  =  43.4  ksi,  t  =  0.0284  inch,  and  s  =  1/8  inch. 


Fm  =  6888  Ibf 


The  force  per  bolt  Fb  for  seven  1/2  inch  bolts  becomes; 


Fb  =  ^  =984  Ibf 


The  bolt  tensile  stress  necessary  to  press  the  center  bars  together  and  deform  the  plate  is 
obtained  by  dividing  the  force  per  bolt  Fb  by  the  bolt  cross-sectional  area. 

Bolt  Stress  =  9g41bf/bolt  ^  3575  psi 
7c(.38”f 
4 

The  above  stress  is  much  less  than  the  maximum  stress  allowed  for  the  high  strength 
bolts,  however  the  bolt  torque  necessaiy  to  achieve  this  stress  must  also  be  calculated  to  see 
if  the  bars  can  be  pressed  together  solely  by  torquing  down  on  them  with  a  torque  wrench. 

The  geometry  of  the  1/2  inch  diameter  bolt  threads  must  be  examined  to  calculate  bolt 
torque.  The  lead  of  the  bolt  threads  is  the  distance  that  the  bolt  moves  for  each  turn  of  the 
threads.  These  bolts  have  13  threads  per  inch  so  the  lead  is  (lin/13  threads)  or  0.07692 
in/tum.  The  lead  angle  is  defined  as: 


0  =  lead  angle  =  arctanj  — rr — - r 

[It  (thread  diameter) 


0  =  arctanf-^^^^^  in/thread 


1  71(0.45  in) 


=  3.1  degrees 


The  coefficient  of  friction  between  the  bolt  and  nut  surfaces  can  be  assumed 
conservatively  as  =  0.6.  The  friction  angle  is  therefore  defined  as: 

<j»5  =  arctan[ps]  =  arctan[0.6j  =  31 .0  degrees 
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The  forces  acting  on  the  bolt  threads  are  oriented  approximately  30  degrees  off  the  bolt 
rotational  axis  for  triangular  shap>ed  threads.  Therefore,  the  axial  force  on  the  threads  is 
equal  to: 

p 

Axial  Force  on  Bolt  Threads  =  — — r 

cos(30°) 

A  free  body  diagram  of  the  forces  acting  on  the  bolt  threads  is  shown  below  in  Figure  14. 


^/cos(30°) 


Figure  14:  Bolt  free  body  diagram 


Figure  14  shows  that  the  resultant  force  R  and  the  radial  force  Q  can  be  solved  for 
by  setting  the  summation  of  forces  in  the  axial  and  radial  directions  equal  to  zero.  The 
resultant  force  R  can  first  be  determined  by  setting  the  sum  of  the  forces  in  the  axial 
direction  equal  to  zero. 


Rcos(0  +  «|>s)  =  — 

cos (30  ) 


R  = - — - - r  =  1372  Ibf 

cos  (34.08°)cos  (30*^) 


The  radial  force  Q  can  now  calculated  for  by  setting  the  sum  of  forces  in  the  radial 
direction  equal  to  zero. 

Q  =  Rsin  (e  +  <t>s)  =  ( 1372  Ibf)  sin  (34.08°)  =  769  Ibf 


59 


Now  that  the  radial  force  Q  has  been  calculated,  die  bolt  torque  can  be  solved  for 
using  the  following  formula. 

T  =  Q  (Thread  effective  radius)  =  769  Ibf  (0.225  in)  =  173  in-lbf  =  14.4  ft-lbf 

The  bolt  torque  of  14.5  ft-lbf  is  relatively  easy  to  achieve  u  it .  a  medium  sized  torque 
wrench.  Therefore,  it  can  be  concluded  that  the  center  stiffener  bars  can  be  pressed 
together  by  torquing  of  the  bolts  alone. 

4.3  Tensile  Specimen  Test  Results 

The  stress-strain  curves  of  both  0.0284”  and  0.0262"  sheet  steel  plates  used  in  the 
buckling  tests  have  been  measured  by  conducting  two  series  of  tensile  tests  on  seventeen 
1/2  inch  wide  sheet  type  tensile  test  specimens  fabricated  in  accordance  with  the  ASTM, 
section  A370  specifications  and  shown  in  Figure  15. 


length  =  8" 


Figure  15:  Tensile  test  specimen 

Since  the  plate  used  for  these  experiments  is  cold  rolled  steel,  a  check  for  anisotropic 
mechanical  behavior  must  be  conducted.  This  has  been  accomplished  on  the  first  series  of 
buckling  tests  by  cutting  the  half  the  specimens  parallel  to  and  the  odier  half  peipendicular 
to  the  cold-rolled  axis.  For  the  second  series  of  buckling  tests  specimens  were  cut  parallel, 
perpendicular,  and  45  degrees  to  the  cold  rolled  axis  to  i»^ovide  for  conq>lete  data  on  in¬ 
plane  orthotropy. 

The  IBM  software  program  SYMPHONY  was  utilized  for  machine  control  and  data 
recording  and  analysis  during  all  phases  of  testing.  A  san^ling  interval  of  0.1  sec  was 
seleaed  for  the  tensile  tests  and  1  sec  for  the  buckling  test.  These  sampling  intervals  were 
selected  due  to  the  fact  that  higher  accuracy  is  needed  during  the  tensile  tests  to  accurately 
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detennine  the  yield  point  and  because  the  buckling  tests  lasted  too  long  (^>prox.  1  hour)  to 
make  the  higher  sampling  rate  feasible  due  to  insufficient  computer  memory.  The  buckling 
load  tests  were  conducted  by  using  displacement  rate  control  with  a  displacement  ramp  of 
0.01  mm/sec.  This  equates  to  a  total  displacement  of  36  nun  in  one  hour  which  results  in  a 
large  enough  shear  translation  to  observe  the  full  shear  load  edacity  of  the  steel  plate.  The 
tensile  tests  were  also  conducted  with  displacement  rate  control  but  with  an  increased 
positive  displacement  ramp  of  0.05  mm/sec. 

The  load  cell  was  balanced  for  zero  load  prior  to  each  buckling  test.  Balancing  of  both 
the  load  cell  and  extensometer  strain  gage  was  done  before  each  tensile  test.  These 
calibrations  have  ensured  that  the  load  and  strain  signals  are  as  close  to  zero  as  possible  in 
the  imloaded  condition. 

The  output  from  the  SYMPHONY  data  collection  is  two  columns  of  load  versus 
percent  strain  data  for  the  tensile  tests.  A  correction  factor  of  0.4  had  to  be  apphed  to  the 
raw  strain  data  to  take  into  account  the  extensometer  gauge  length  for  each  of  the  tensile 
tests  to  give  the  actual  percent  strain.  The  load  vs  strain  data  was  then  verified  by 
determining  Young's  Modulus  E  for  the  first  specimen  tested.  Young's  Modulus  E  for 
the  first  specimen  was  measured  to  be  30,500  ksi  providing  an  initial  check  of  the  data. 

Two  quantities  are  desired  from  each  of  the  tensile  tests.  These  are  the  0.2%  yield 
strength,  and  the  average  plastic  flow  stress  measured  over  a  strain  range  corresponding  to 
the  particular  buckling  test  series.  The  plastic  flow  stress,  Oo,  is  that  stress  that  is 
postulated  to  be  the  most  representative  of  tl^  stresses  in  the  plate  during  buckling  and  is 
therefore  used  to  normalize  the  experimental  buckling  load  data.  A  strain  range  of  (0  -  6  %) 
was  assumed  for  the  first  four  buckling  tests  which  £q>proximately  corresponds  to  the 
membrane  strain  along  the  stretched  diagonal  of  the  element  due  to  a  maximum  shear 
rotation  ^max  ^  20  . 


b(l/cosO~l)  , 

- z - -  =  l/cos4>  - 1 

b 

This  calculation  assumes  that  compressive  normal  stresses  which  build  up  in  the  element 
compressed  diagonal  to  offset  the  tensile  stresses  are  negligible  due  to  the  out-of-plane 
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buckling  of  the  element  along  this  diagonal.  The  maximum  shear  strain  value 

Xxy  =  tan  (d>)  =  ^  corresponding  to  the  shear  rotation  4»  was  not  used  due  to  the  fact  that 

this  strain  only  exists  throughout  the  plate  surftK^e  if  the  plate  remains  in-plane  and  is  not 
representative  of  the  strain  induced  in  a  buckled  element. 

A  strain  range  of  (0  -  3  %)  is  assumed  for  the  last  three  buckling  tests  corresponding  to  a 
maximum  shear  rotation  assumed  maximum  strains  of  6  percent  and  3 

pocent  are  close  to  the  maximum  stretched  diagtxial  strains  from  the  buckling  tests  shown 
in  Table  1. 


Table  1:  Buckling  tests  maximum  strain 


Buckling 

Test 

O 

Maximum  (deg) 

Stretched 
Diagonal  Strain 
% 

1 

17.6 

4.91 

2 

20.5 

6.76 

3 

21 

7.11 

4 

22.6 

8.32 

5 

13.9 

3.02 

6 

14.4 

3.24 

7 

10.9 

1.84 

Average  (tests  1-4):  6.78 

Average  (tests  5-7):  2.70 

The  average  load  over  the  assumed  strain  range  is  determined  first  for  each  specimen 
by  calculating  the  area  under  the  load  versus  strain  curve  for  the  assumed  range  of  strain 
and  then  dividing  this  area  by  the  strain  range.  Hie  flow  stress  is  then  determined  for  each 
specimen  by  dividing  this  average  load  by  the  specimen  cross-sectional  area. 

The  flow  stress  and  yield  strength  for  both  series  of  tensile  tests  are  presented  in 
Tables  2.1  and  2.2.  The  average  yield  strength  and  plastic  flow  stress  are  shown  at  the 
bottom  of  each  table. 

The  standard  deviation  of  the  flow  stress  from  the  mean  for  the  first  series  of  tests  is 
0.83  ksi  and  the  average  flow  stresses  at  zero  degrees  and  90  degrees  to  the  cold  rolled 
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axis  are  44.15  ksi  and  42.60  ksi  respectively  indicating  some  anisotropy.  This  level  of 
anisotropy  is  considered  small  enough  so  that  the  mean  flow  stress  from  this  series  of  tests 
can  be  used  for  normalization  of  the  buckling  test  data. 


Table  2.1:  Tensile  test  results  t0.0284"  steel  sheet) 


Specimen 

Knoop 

Hardness 

HK 

Orientation 

to  cold  roll 

direction 

Yield 

Stress 

(ksi) 

Plastic 

Flow 

Stress  (ksi) 

2 

129 

0 

38.70 

44.43 

4 

124 

0 

38.13 

43.68 

6 

123 

0 

38.52 

44.40 

8 

123 

0 

38.47 

44.10 

1 

122 

90 

37.17 

42.39 

3 

120 

90 

37.92 

43.03 

5 

119 

90 

37.01 

42.30 

7 

116 

90 

— 

37.70 

42.68 

I 


Table  2.2:  Tensile  test  results  (0.0262"  steel  sheet) 


Specimen 

Knoop 

Hardness 

HK 

Orioitation 

to  cold 

roll  axis 

Yield 

Stress 

(ksi) 

Plastic 

Flow 

Stress  (ksi) 

1 

89.7 

0 

32.86 

34.85 

2 

94.3 

0 

33.09 

35.05 

3 

94.3 

0 

33.04 

34.96 

4 

92.7 

90 

31.41 

34.60 

5 

110.7 

90 

51.96 

49.02 

6 

112 

90 

49.43 

46.60 

7 

95 

45 

34.03 

35.97 

8 

95 

45 

34.00 

36.10 

9 

94.7 

45 

33.74 

36.23 
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Specimens  5  and  6  from  the  second  test  series  show  a  yield  strength  and  plastic  flow 
stress  that  are  significantly  higher  than  all  other  specimens.  The  Rockwell  Superficial 
Hardness  of  these  specimens  was  also  correspondingly  greater  by  roughly  5  hardness 
units.  These  specimens  were  taken  from  the  left  over  material  from  fabrication  of  the  plates 
used  in  buckling  tests  S  and  6  while  all  the  other  specimens  were  taken  from  a  single  plate 
that  was  reported  by  the  supplier  as  being  from  the  same  lot  of  material.  The  measured 
strengths  of  the  specimens  taken  from  this  plate  were  different  enough  to  preclude  use  of 
these  results  for  normalization  of  the  buckling  data.  Therefore,  only  specimens  5  and  6,  of 
the  nine  tensile  tests  using  0.0262"  plate,  can  be  utilized  for  nonnalization  of  the  buckling 
test  data  that  uses  plating  of  this  thickness.  Hie  mean  values  for  yield  strength  and  flow 
stress  from  Table  2.2  are  unacceptable  for  use  in  the  buckling  tests  because  they  include  all 
the  tests.  The  mean  flow  stress  from  specimens  5  and  6  to  be  used  in  buckling  tests  5, 6, 
and  7  calculations  is  47.81  ksi. 

4.4  Buckling  Load  Test  Results 

Four  shear  buckling  load  tests  on  0.0284"  thick  cold  rolled  sheet  steel  specimens  and 
three  shear  buckling  load  tests  on  0.0262"  steel  sheet  have  been  conducted  for  comparison 
with  the  predicted  load  from  the  analysis  performed  in  chapter  3.  The  output  from  the 
SYMPHONY  data  collection  is  in  the  form  of  two  columns  of  load  versus  di^lacement 
data  for  the  load  tests.  The  displacement  data  from  the  buckling  tests  must  be  corrected  due 
to  the  fact  that  some  initial  sl^page  always  occurs  within  the  buckling  qjparatus  at  the 
onset  of  loading.  This  data  is  corrected  by  determining  the  displacement  at  which  the  linear 
load  curve  intercepts  the  horizontal  displacement  axis  and  then  subtracting  this  displacement 
from  the  raw  displacement  data  to  obtain  a  displacement  corrected  for  sl4>page. 

The  first  two  buckling  tests  were  conducted  without  a  ball  bearing  plate  slippage 
restraint  installed  in  the  center  stiffener  bars.  Local  plate  tearing  failure  surrounding  the 
center  stiffener  bolts  during  these  first  two  tests  demonstrated  that  torquing  down  on  the 
center  stiffener  bolts  to  increase  friction  between  the  stiffener  bars  and  the  plate  was  not 
sufficient  to  prevent  plate  slippage.  Some  other  mechanical  means  were  needed  to  prevent 
this  localized  failure  due  to  the  fact  that  slippage,  which  allowed  local  tearing  of  the  plate  in 
the  vicinity  of  the  bolts,  reduced  the  plate  load  carrying  capacity.  Therefore,  although  the 
first  two  buckling  tests  are  useful  in  providing  an  indication  that  some  kind  of  slippage 
restraint  is  necessary,  the  data  itself  is  not  useful  in  validating  the  analytical  model  results. 
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Tests  3  and  4  are  conducted  with  the  ball  bearing  slippage  restraint  in  the  center 
stiffener  and  the  results  show  an  increase  in  the  overall  shear  resistance  of  the  plate. 
Reinforcement  of  the  center  stiffener  with  the  ball  bearing  sl4>page  restraint  results  in 
reduced  local  tearing  in  the  center  of  the  plate.  However,  the  plate  comers  that  are 
sandwiched  between  the  two  outer  edge  stdfeners  have  started  to  undergo  some  plastic 
deformation  and  tearing  that  was  not  observed  in  the  first  two  tests. 

A  comparison  between  the  results  from  buckling  tests  3  and  4  and  the  analytical  model 
is  made  after  dividing  the  measured  force  by  the  plastic  hinge  moment  Mq  and  then 
dividing  again  by  the  plate  length  of  18  inches  to  obtain  a  normalized  shear  force  per  unit 
length  in  inches'^ .  The  non-dimensional  results  from  tests  3  and  4  are  plotted  along  with 
the  results  of  the  analytical  models  for  comparison  in  Chapter  5. 

Tests  5, 6,  and  7  are  conducted  with  a  reduced  plate  length  of  15.5"  and  a  slightly 
reduced  plate  thickness  of  0.0262"  in  an  attempt  to  both  reduce  the  load  on  the  testing 
machine  and  revalidate  the  analytical  model  with  a  somewhat  different  plate  geometry. 
Additionally,  ball  bearing  slippage  restraints  are  added  to  the  side  stiffeners  in  an  attempt  to 
prevent  plastic  deformation  at  the  plate  comers. 

Tests  5, 6,  and  7  demonstrated  that  the  side  stiffener  slippage  restraints  indeed  reduced 
the  local  plastic  defoimation  at  the  plate  comers,  but  increased  tearing  in  the  comers.  These 
cracks  form  in  the  vicinity  of  the  bolt  holes  or  ball  bearing  holes  and  propagate 
longitudinally,  in  a  direction  perpendicular  to  the  tensile  stresses  that  build  up  in  the 
transverse  direction.  Therefore,  the  additional  ball  bearing  slippage  restraints  within  the 
edge  stiffener  are  ineffective  in  accomplishing  their  intended  purpose  due  to  a  reduction  of 
one  local  failure  mode  but  increase  of  another. 

The  normalized  loads  ()er  inch  of  plate  loigth  parallel  to  the  machine  loading  axis  from 
buckling  tests  3  through  7  are  shown  in  Figure  16.  The  shorter  plates  used  in  tests  5, 6, 
and  7  lost  their  load  resisting  ct^acity  at  a  lower  0  due  to  local  cracking  in  the  comers 
caused  by  the  increased  rigidity  from  adding  ball  bearing  slippage  restraints  to  the  side 
stiffeners.  The  subsequent  propagation  of  cracks  from  these  comers  further  reduced  the 
load  capacity  of  these  plates. 

Two  other  observations  made  during  the  buckling  tests  are  the  wavelength  2a  and  the 
initial  angle  P  relative  to  the  transverse  direaion.  The  final  orientation  P  of  the  buckling 
waves  was  measmed  on  the  plates  after  removal  from  the  testing  machine  and  is  between 
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40  and  SO  degrees  for  all  tests.  The  initial  angle  ^  is  the  difference  between  this  final 
measured  angular  orientation  and  the  final  angle  of  shear  rotation  <1>.  For  the  first  two  tests 
die  maximum  shear  rotation  achieved  is  approximately  20  degrees  which  means  that  the 
initial  buckling  orientation  P  =  2S  degrees  or  0.4  radians.  The  final  plastic  buckling 
wavelength  2a  observed  is  approximately  2.1  inches.  This  equates  to  a  X.  =  a/b  of  0.26. 

Shortening  of  the  plastic  buckling  wavelength  was  observed  during  all  of  the  tests  as 
die  shear  deformation  progressed.  In  an  attem^^  to  better  understand  the  wavelength 
shortening  phenomenon,  the  buckling  wavelength  has  been  measured  during  tests  5, 6, 7  at 
various  shear  translation  values  s  and  plotted  in  non-dimensional  form  in  Figure  17. 


Figure  16:  Normalized  shear  force  buckling  test  results 


For  all  tests  the  initial  wavelength  is  between  6.5  inches  and  7.0  inches.  This  equates 
to  a  fiill  non-dimensional  wavelength  A  =  2a/b  of  1 .69  which  is  just  slightly  greater  than 
the  elastic  buckling  wavelength  A  =  1.6  predicted  by  Southwell  and  Skan^  for  an 
infinitely  long  flat  plate  with  clamped  edges.  The  fact  that  the  initial  wavelength  is  slighdy 
greater  than  the  Soud.well  and  Skan  solution  can  be  justified  by  the  fact  that  the  clamped 
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edges  of  the  plate  are  not  perfectly  rigid.  The  Southwell  and  Skan  solution  predias  a 
longer  elastic  wavelength  A  =  2.67  for  simply-supported  edges.  Since  the  longitudinal 
suppons  for  the  plate  are  not  perfectly  rigid,  the  wavelength  A  should  assume  a  value 
greater  than  the  clamped  but  less  than  the  simply-supported  plate. 


shear  translation  s  (mm) 

Figure  17:  Observed  non-dimensional  buckling  wavelength  [2a/b] 


Figure  17  shows  the  observed  change  in  the  non-dimensional  buckling  wavelength 
A  =  2a/b  during  tests  5,  6,  and  7.  Figure  17  also  illustrates  that  a  transition  to  a  shorter 
buckling  wavelength  occurs  between  s  values  between  6  mm  and  16  mm  which 
correspond  to  O  between  3.4  degrees  and  9.0  degrees.  The  plastic  buckling  wavelength  is 
initially  nearly  equal  to  the  predicted  elastic  wavelength  but  slowly  develop®  into  a  shorter 
wavelength  buckling  mode  as  s  increases.  This  process  starts  when  the  pxaks  of  the  initial 
buckling  waveform  stan  to  flatten  out.  As  the  shear  translation  continues,  two  new  waves 
form  on  the  flattened  out  maxima  and  minima  of  the  original  mode.  These  newly  generated 
waves  then  move  away  from  each  other  until  a  uniformly  spaced  buckling  mode  is  formed 
with  a  wavelength  that  is  one  third  of  the  original  wavelength.  The  phases  of  this  process 
are  shown  in  Figure  18. 
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5.  Comparison  of  Experimental  and  Analytical  Results 


The  noimalized  shear  force  (Fs/Mo)  per  inch  of  plate  length  from  buckling  tests  3  and 
4  has  been  plotted  against  the  analytical  models  and  is  shown  in  Figures  20  and  21.  The 
results  from  tests  S,  6,  and  7  have  already  been  compared  with  tests  3  and  4  in  the  previous 
cluster  and  are  not  plotted  here  but  are  presented  in  Appendix  B.  Figure  20  includes  the 
plastic  buckling  model  for  (0.1  <  X,  <  1.0)  and  ^  =  0  radians.  Figure  21  includes  the 
plastic  buckling  model  for  P  =  0.4  radians.  The  model  for  |3  =  0.4  is  included  here  because 
the  measured  orientation  of  the  buckling  waves  at  the  end  of  the  tests  is  approximately  45** 
and  subtracting  the  maximum  shear  rotation  O  =  20**,  obtained  during  tests  3  and  4,  yields 
an  initial  angle  P  of  25**  or  0.4  radians.  The  plastic  model  results  calculated  for  P  from  0. 1 
to  0.6  are  included  in  Appendix  B. 

Figure  20  shows  that  the  plastic  buckling  model  for  P  =  0  is  a  good  q>proximation  for 
the  non-dimensional  shear  force  actually  observed  during  the  experiments.  This  model  also 
predicts  the  transition  of  the  plastic  buckling  wavelength  to  a  shorter  mode  and  comes  very 
close  to  predicting  the  actual  wavelength  itself.  Figure  20  illustrates  that  the  NDSF  curves 
for  tests  3,  and  4  fall  between  the  NDSF  curves  corresponding  to  a  half  wavelength  X 
between  0.2  and  0.3.  As  stated  before,  the  measured  half-wavelength  X,  from  these  tests 
was  approximately  0.26. 

The  plastic  buckling  curves  for  P  =  0.4  in  Figure  21  are  significantly  greater  than  the 
experimental  results  for  tests  3  and  4.  These  results,  however,  have  not  taken  into  account 
the  fact  that  the  combination  of  membrane  and  shear  stresses  working  together  actually 
reduces  the  shear  and  membrane  yield  stresses.  Up  to  this  point  the  analysis  has  assumed 
that  yield  always  occurred  when  membrane  stresses  equal  Oo  and  shear  stresses 

<To 

'txy  =  ^  .  This  is  not  an  entirely  accurate  aj^roximation  because  the  actual  yield 
condition  is: 

2  2  ,22 
Ox  +  Oy  -  OxOy  3Txy  =  Oq 

Since  Ex  =  k(20x  -  Oy)  we  can  say  that  for  e*  =  0  ^  •  Therefore,  the  yield 

condition  becomes: 

12,2  2 
^y  +  3Xxy  =  Oo 
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Figure  19  graphically  shows  the  relationship  between  membrane  and  shear  stresses  at 
yield.  When  Txy  =  0.  ^y-  and  when  Oy  =  0  ^xy  =  ^  . 


Figure  19:  von  Mises  yield  condition 

The  slope  of  the  line  which  defines  simultaneous  yield  in  membrane  and  shear  is: 

Oy=2X,y 

The  intersection  of  this  line  and  the  yield  curve  is  representative  of  the  stresses  during 
buckling  and  can  be  obtained  by  substituting  for  <Ty  =  2  T^y  into  the  yield  condition. 


The  actual  values  for  Txy  and  Oy  are  less  than  the  assumed  values  used  in  the  NDSF 
calculations  by  the  following  amounts. 

Txy(actual)  _  Oy(actual)  ^  ^  ^  g2 

Txy(assumed)  Oy(assumed)  ^ 


70 


A  rough  approximation  for  the  amount  of  reduction  in  the  NDSF  curves  for  P  =  0.4  of 
Figure  21  is  approximately  25%.  Even  with  this  reduction  in  the  NDSF  buckling  curves, 
diey  are  still  higher  than  the  experimental  data  by  aj^roximately  40  NDSF  units. 

Therefore,  the  P  =  0  curves  more  accurately  predict  the  non-dimensional  shear  force  and 
associated  buckling  wavelength  X. 

The  predicted  slopes  of  the  linear  elastic  pre  and  post-buckling  curves  are  much  steeper 
than  die  actual  test  data  due  to  the  fact  that  the  analytical  model  assumes  a  perfecdy  rigid 
steel  frame.  In  fact,  the  buckling  tqiparatus  does  have  a  finite  amount  of  flexibility.  This 
causes  the  actual  shear  translation  s  to  increase  above  the  values  predicted  by  analysis. 

The  dastic  load  curves  for  each  of  the  tests  display  a  break  in  slope  between  an  NDSF  of 
40  and  50  at  a  shear  translation  of  approximately  2.3  mm.  This  is  probably  the  point  where 
plastic  deformation  starts  to  occur  and  not  the  critical  point  of  elastic  budding  due  to  the 
fact  that  the  observed  onset  of  elastic  buckling  should  not  occur  after  the  dieoretically 
predicted  buckling  load.  The  predicted  critical  buckling  normalized  shear  forces  for  elastic 
buckling  formulated  in  Chapter  3  are  given  below  for  both  series  of  tests. 

NDSFcr /unit length  =N^yjMo^  ^^l‘^v”)o^b^ 

NDSF/inch  tests  3  and  4  ;  38.8  in'^ 

NDSF/inch  tests  5, 6,  and  7  :  37.1  in' ^ 

The  no  buckling  plastic  failure  (NBPF)  curve  forms  an  upper  envelope  for  all 
experimental  test  data  since  the  normalized  critical  shear  force  required  for  plastic  buckling 
is  less  than  for  in-plane  deformation  for  the  bA  ratio  of  the  plating  tested. 


71 


NDSF  per  inch  of  plate  length 


shear  rotation,  phi  (degrees) 


Figure  20;  Comparison  of  analytical  and  experimental  results  (beta  =  0) 
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6.  Formulation  of  total  grounding  resistance  due  to  shear 
6.1  The  Grounding  Model 

The  previous  five  chillers  have  focused  on  the  development  and  experimental 
validation  of  a  plastic  shear  buckling  model  for  a  plate  element  between  two  Itxigitudinals. 
This  chtqxer  seeks  to  incoiporate  this  local  model  into  a  global  model  for  deformation  of  a 
VLCC  hull  bottran  induced  by  grounding.  The  final  goal  of  this  new  formulaticm  is  to 
determine  the  total  resistance  to  ship  motion  over  a  rock  due  to  in-plane  shear  buckling 
mechanisms. 


To  solve  for  the  total  grounding  resistance  due  to  shear  a  global  hull  deformation 
geometry  must  be  assumed  that  will  allow  use  of  the  plastic  buckling  element  model.  The 

4 

energy  diss^ation  mechanisms  other  than  shear  have  already  been  analyzed  by  Peer  aiKl 
will  be  presented  for  comparison  with  the  shear  grounding  results  in  chapter  7  to  determine 
the  relative  importance  of  in-plane  plastic  shearing  as  an  energy  dissipation  mechanism 
during  grounding. 


Before  proceeding  further,  the  parameters  of  the  global  hull  deformation  problem  are 
defined  as  follows. 


(x,  y,  z) 
(u,  V,  w) 
L 
B 
b 
1 

h 

Ld 

n 

n 

Al 

Aq 

Ai 


Parameters  characterizing  hull  deformation 

longitudinal,  transverse,  and  vertical  coordinates 
longitudinal,  transverse,  and  vertical  displacements 
overall  length  of  sh4> 
beam  of  ship 

Icmgitudinal  stiffener  spacing 
transverse  web  frame  spacing 

transverse  extent  of  damage  and  longitudinal  bulkhead  spacing 
longitudinal  extent  of  fully  developed  damage  cross  section 
longitudinal  extent  of  partially  developed  damage  transition  zone 

transition  zone  parameter,  number  of  transverse  web  frames 
included  in  damage  transition  zone 

height  of  rock  above  ship  keel  prior  to  grounding 

vertical  lift  of  ship  as  it  rides  over  rock  during  grounding 

maximum  amplitude  of  rock  penetration  into  hull  at  the  keel 

maximum  amplitude  of  rock  penetration  into  hull  at  stiffener  i 
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Si  —  total  longitudinal  displacement  of  hull  plating  in  the  vicinity  of  i-th 
stiffener  occuring  after  stiffener  has  passed  through  damage 
transition  region  (assumes  rigid  stiffener  and  flexible  shell  plating) 

Si(x)  —  Imgitudinal  displacement  along  deformed  stiffener  i  measured  at 
a  distance  x  from  the  damage  transititm  zone  leading  edge 

Yi  —  total  arc  length  along  deformed  stiffener  i  within  the  transititni 
region 

yi  (x)  —  arc  length  along  deformed  stiffener  i  measured  at  a  distance  x 
frtxn  the  damage  transition  zone  leading  edge 

m  —  total  number  of  inter-longitudinal  plate  spans  between  the  sh^'s 
centerline  and  the  first  longitudinal  bulkhead 

It  is  worth  reminding  the  reader  at  this  point  that  this  formulatim  does  not  apply  to 
grounding  situations  resulting  in  hull  membrane  rupture  in  the  shear  deformation  region 
due  to  the  fact  that  shear  forces  can  only  build  up  in  the  hull  plating  if  it  remains  a 
continuous  surface.  Otherwise,  the  hull  plating  boundary  conditions  and  geometry  will  not 
remain  as  previously  assumed  and  the  shear  buckling  problem  will  become  extremely 
difficult  to  analyze. 

There  are  several  other  assumptions  that  specifically  ^ply  to  this  global  hull 
deformation  model.  First,  the  hull  damage  is  assumed  to  be  symmetric  about  the  ship’s 
keel  or  centerline.  This  allows  external  moments  about  the  ship’s  yaw  axis  to  be  excluded 
which  would  otherwise  lead  to  transverse  ctmtponents  of  grounding  resistance  causing 
damage  to  progress  in  both  the  trairsverse  and  longitudinal  directions.  This  problem  is 
extremely  complex  due  to  the  progressive  non-symmetry  of  the  damage  as  well  as  the 
increased  effect  of  complicated  hull  hydrodynamics  on  the  problem. 

The  second  assumption  in  this  model  involves  the  shape  of  the  hull  deformation. 
Figure  22  shows  an  assumed  cross-sectional  view  and  a  longitudinal  profile  of  the  damage. 
The  length  of  the  damage  progresses  a  distance  (Lj  +  T|)  where  is  the  longitudinal  extent 

of  the  fully  developed  damage  zone  and  is  the  length  of  a  damage  transition  zone.  The 
length  of  this  transition  zone  is  assumed  to  be  a  multiple,  n,  of  the  transverse  frame 
spacing,  1,  and  the  shape  is  assumed  to  be  cosinusoidal  with  amplitude  Ao/2  at  the  keel. 

r|  =  nl 

Wo(x)  =  Ao/2  [  1  cos(  n  +  7ix/r| )  ] 
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The  transverse  cross  section  of  the  damage  is  assumed  to  be  wedge  shq)ed  and  is 
limited  by  the  spacing  between  longitudinal  bulkheads  li .  The  vertical  penetration  of  the 
damage  Aq  is  assumed  to  be  twice  the  penetration  of  the  rock  above  the  sh^'s  baseline  in 
order  to  be  consistent  with  the  geometry  analyzed  by  Peer.  The  rock  height  6r  is  the  sum 
of  the  rock's  vertical  penetration  into  the  ship's  keel  Ao/2  and  the  lift  of  the  ship's  hull 
as  it  rides  over  the  rock. 

A,  =  Ao/2  +  ^ 


Figure  22;  Grounding  hull  damage  geometry 


Figure  22  shows  the  overall  extent  of  the  transverse  and  longitudinal  damage  but  fails 
to  show  the  details  of  the  damage  transition  zone.  A  more  detailed  profile  view  of  the 
transition  zone  is  given  in  Figure  23.  The  assumed  longitudinal  shape  of  the  damage 
transition  zone  is  chosen  to  be  cosinusoidal  to  make  the  formulation  easier  while 
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maintaining  some  similarity  to  the  shq)e  assumed  by  Peer^  to  facilitate  comparison  with  his 
results  later  on.  The  cosinusoidal  damage  profile  can  be  extended  to  the  longitudinal 
stiffeners  by  substituting  Ai  for  Ao  and  realizing  that,  for  the  assumed  wedge  shaped  cross 
section,  Ai  can  be  expressed  as  a  linear  function  of  Ao- 


wi(x)  =  Aj/2  [  1  +  cos(  n  +  Kxjr\ )  ]  (49) 


0  5  ^  lo'  15  '20  25  30  35  40 

distance  from  transition  leading  edge  (meters) 


Figure  23:  Damage  transition  zone  for  5  m  rock  height 

The  constant  m,  which  is  the  total  number  of  inter-longitudinal  plate  spans  between  the  keel 
and  the  first  longitudinal  bulkhead,  can  be  determined  from; 


The  subscript  "i"  is  an  integer  designating  the  longitudinal  stiffener  that  also  gives  the 
number  of  inter-longitudinal  plate  spans  between  that  stiffener  and  the  keel.  In  summary. 
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the  shape  of  the  damage  transition  zone  profile  is  defined  by  die  keel  profile  and  deformed 
longitudinal  profiles  with  identical  shape  but  of  linearly  decreasing  amplitude  as  the 
stiffener  transverse  distance  from  the  keel  increases. 

The  next  step  in  the  development  of  the  grounding  model  is  to  relate  the  global 
deformation  in  the  damage  transition  zone  to  in-plane  shearing  of  the  inter-longitudinal 
plating.  This  is  accomplished  by  observing  that  in-plane  shear  in  the  hull  plating  is  induced 
by  differences  in  the  damage  profile  arc  lengths  of  adjacent  longitudinals. 

The  arc  length  of  each  of  the  longitudinals  has  been  solved  for  numerically  using  a 
spreadsheet.  Only  half  of  the  damage  transition  region  needs  to  be  analyzed  due  to 
syrrunetry  about  the  keel.  The  damage  transition  zone  has  been  partitioned  into  a  series  of 
plate  elements  of  length  r|/50  and  width  b.  For  die  purpose  of  this  analysis  partitioning  the 
length  of  the  transition  zone  into  SO  elements  provides  sufficient  accuracy  in  measuring  the 
the  arc  length  of  the  deformed  longitudinals.  The  out-of-plane  deformations  of  the  keel 
W(,(x)  and  all  of  the  stiffeners  Wjfx)  are  determined  first.  The  arc  length,  yi,  of  each 
stiffener  through  the  transition  zone  is  then  calculated  numerically  by  summing  up  the 
incremental  arc  lengths  for  each  partition  along  the  x  axis.  Ax  =  11/50.  The  relationsh^s 
used  in  this  formulation  are  given  below. 

Ayi  =  V  Axf  +  Ayi 

n 

Vi  =  Z  ^ViUxj) 
j=i 

The  subscript  "i"  designates  the  particular  longitudinal  along  which  the  arc  length  is 
measured.  The  subscript  "j"  provides  the  designation  of  the  Ax  increment  where  the  arc 
length  measurement  is  taking  place  where  j  =  1  is  defined  as  the  increment  closest  to  the 
transition  zone  leading  edge.  As  an  example  Ayi(Axi)  corresponds  to  the  arc  length  fi'om 
X  =  0  to  X  =  11/50  of  the  first  longitudinal  outboard  of  the  keel. 

The  arc  length  y  is  the  total  arc  length  of  longitudinal  i  measured  through  the 
transition  zone  length  to  the  coordinate  x  =  r| .  This  change  in  arc  length  corresponds  to  a 
stretching  of  the  hull  plating  surrounding  the  i-th  longitudinal  through  the  transition  zone. 

From  Figure  23  the  parameter  Si  measures  the  total  longitudinal  displacement  of  a 
point  along  the  deformed  arclength  of  stiffener  i  from  its  original  undeformed  position  to  its 
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final  position  after  passing  through  the  transition  zone  assuming  an  inextensional  stiffener. 
Figure  24  shows  a  more  detailed  view  of  how  a  single  stiffener  deforms  and  causes 
stretching  of  the  hull  plating  as  it  passes  through  the  damage  transition  zone. 


disi^acemeot  of  plating 
adjacent  to  rigid  stiffener  s- 


ftiUy  damaged 
region 


region  where  bull  plating 
is  stietdted  by  longitudinals] 


Figure  24:  In-plane  displacement  of  hull  plating  for  rigid  stiffeners 

The  total  change  in  arc  length  for  each  longitudinal  varies  from  a  maximum  value  at  the 
keel  to  zero  at  the  first  longitudinal  bulkhead.  The  difference  in  the  arc  length  profiles  of 
adjacent  longitudinals  sets  up  differential  Itmgitudinal  displacements,  ASi,  between  the 
edges  of  the  inter-longitudinal  huU  plating  which  results  in  in-plane  shear  deformation  of 
the  plating.  Figure  25  shows  how  the  longitudinal  displacement  of  the  hull  plating 
surrounding  each  longitudinal  varies  as  we  progress  off  die  ship's  centerline  axis. 

It  has  been  shown  that  in-plane  shear  forces  are  induced  in  die  plating  by  a  relative 
translation  between  adjacent  stiffeners.  This  relative  translation,  Asi(x),  is  just  the 
difference  in  the  plating  displacement  between  adjacent  stifieners  at  a  distance  x  frcrni  the 
transition  zone  leading  edge.  The  maximum  value  for  the  relative  translation,  ^Si,  occurs 
after  the  damage  transition  has  passed  and  is  shown  in  Figure  25  for  longitudinals  1  and  2. 
The  relative  translation,  Asi(x),  is  a  general  form  of  the  shear  translation,  s,  used  in  the 
chapter  3  formulation.  The  chapter  3  buckling  model  assumed  that  one  edge  was  stationary 
while  the  other  edge  translated  a  distance  s.  The  current  model  assumes  that  both  edges 
translate  and  that  the  relative  translation,  Asi(x),  induces  the  shear  forces.  In  the  current 
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dispUcement  of  bull  {dating.  Si  (m) 


model  the  shear  translation  varies  in  both  space  and  time  and  must  be  numerically  mapped 
over  the  transition  zone  surface;  otherwise,  the  formulation  is  equivalent  to  the  earlier 
fonnulation  in  chsqner  3.  Figure  26  iUustrates  the  geometric  similarity  of  the  two  models. 
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Figure  25;  Maximum  loagitudinaJ  displacement  vs  offset  from  keel 


Grounding  Model  Initial  basic  Model 

Figure  26:  Plate  element  shear  rotation  geometiy 
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Once  the  relative  translation  Asi(x)  is  detemiined  for  each  of  the  plate  elements  over 
the  surface  of  the  transition  zone  the  in-plane  rotation  <1>  can  be  calculated  for  each  of  these 
elements  by  the  following  relationship. 


4>i(x)  =  arctan 


(Asjfx) 
’  b 


The  non-dimensional  shear  force  per  unit  length  can  now  be  mapped  over  the  surface  by 
using  a  plot  of  NDSF  vs  4>  for  the  representative  VLCC  dimensions  and  characteristic  data 
shown  in  Table  3. 


Table  3:  VLCC  dimensions  and  characteristic  data 


L=  313  m  (1030  ft) 

hull  thickness  b  I9.lmm  (3/4  in) 

B=  56.6  m  (185  ft) 

b  B  0.91  m  (3  ft) 

To=  18.9  m  (62  ft) 

Oo=  393  MPa  (57  ksi) 

flange:  (203  *  25.4  mm) 

(  8"  1”  ) 

web:  (711  *  12.7  mm) 

(28”  •  1/2") 

lupture  strain  =  0.12 

1=  4.88  m  (16  ft) 

ll=  24.4  m  (80  ft) 

Young's  Modulus  =  200,000  MPa  (29,000  ksi) 

The  NDSF  model  developed  in  chapter  3  was  revised  with  new  values  from  Table  3 
for  Co,  hull  plate  thickness  t ,  and  longitudinal  spacing  b,  and  the  results  are  plotted  in 
Figure  27.  The  NDSF  curves  for  plastic  shear  buckling  in  Figure  27  show  an  approximate 
lower  bound  of  3  for  0  <  O  <  17  degrees.  The  non-dimensional  shear  force  per  unit  length 
can  therefore  be  approximated  by  the  elastic  NDSF  curve  up  to  NDSF  =  3  and  by  a 
constant  value  of  three  up  to  =  17  degrees  as  shown  in  Figure  28.  Calculations  of  in¬ 
plane  shear  deformation  are  provided  in  i^pendix  A  which  show  that  the  maximum  value 
for  4>  that  occurs  for  a  rock  heights  less  than  5  meters  and  transition  zone  parameters 
greater  than  5  is  less  than  17  degrees. 
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Figure  27:  VLCC  non-dimensional  shear  per  unit  length 


assumed  plastic  curve 


elastic  curve 


shear  rotation,  phi  (degrees) 


Figure  28:  Approximation  for  VLCC  NDSF(<I>)  per  inch  of  plate  length 


Use  of  Figure  28  provides  a  quick  means  to  determine  the  non-dimensional  shear  force 
per  unit  length  since  O  for  each  plate  element  on  the  damage  transition  surface  has  already 
been  determined.  The  in-plane  shear  resistance  for  each  plate  element  can  now  be 
calculated  by  multiplying  the  NDSFAinit  length  by  the  plate  incremental  length  and  the 
plastic  hinge  moment. 


shear  resistance  =  f  /  NDSF  |  ^  ^  ^ 

plate  element  *  \unit  length)  '50'  ° 

Since  the  transition  zone  surface  is  not  horizontal,  the  induced  in-plane  shear  has  both 
horizontal  and  vertical  components. 

*  Note  to  reader:  An  alternative  approach  in  which  the  force  is  not  projected  in  the 
horizontal  direction  is  discussed  at  the  end  of  this  ch^ter. 

The  component  of  shear  resistance  in  the  x-direction  is  therefore  given  by: 

fs^  =  fs  cos[arctan(w  (x))] 

The  slope  of  the  plate  element  surface  in  the  x  direction  is  given  by  w’(x)  and  is  just  the 
mean  value  of  its  longitudinal  edge  slopes  which  have  already  been  computed. 


W‘(,X/1.2  = 


Wi(x)  +  W2(x)  8z 


^  of  plate  element  between  longitudinals  1  and  2 


We  can  fmally  compute  the  total  horizontal  grounding  resistance,  Fs*  in  shear  by 
numerically  summing  all  of  the  plate  element  horizontal  shear  resistances  over  the  transition 
zone  surface. 


m  50 


i=l  j=l 
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6.2  Results  of  Grounding  Model  Calculations 

The  total  horizontal  grounding  resistance  Fs^  has  been  computed  on  a  ^leadsheet  for 
penetration  depths  from  1  to  10  meters  and  for  transition  zone  parameters  n  from  1  to  15. 
The  results  are  tabulated  in  Appendix  A  and  plotted  in  Figures  29  and  30,  from  which 
several  observations  should  be  noted. 

Figure  29  illustrates  that,  although  the  horizontal  resistance  increases  as  die  damage 
penetration  increases,  it  does  so  at  a  steadily  decreasing  rate.  This  is  due  to  the  fact  that  the 
surface  slope  of  the  deformed  plating  increases  as  out-of-plane  defoimatitMis  increase,  thus 
reducing  the  horizontal  component  of  the  otherwise  increasing  in-plane  shear  force. 

Figure  30  illustrates  that  large  penetratitm  depths  produce  a  horizontal  resistance  that 
varies  almost  linearly  with  the  transition  zone  parameter  "n”  while  small  penetration 
depths  result  in  a  horizontal  resistance  that  approaches  a  constant  value  with  n.  The  curve 
associated  with  a  damage  depth  of  one  meter  shows  that  the  resistance  is  roughly  constant 
for  values  of  n  greater  than  two  meters. 
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Figure  29:  Horizontal  resistance  vs  penetration  depth  vs  transition  parameter  "n" 
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Figure  30:  Horizontal  resistance  vs  transition  parameter  "n"  and  penetration  depth 


Since  the  transition  zone  length  is  undetennined  it  is  difficult  to  predict  the  horizontal 
resistance  for  large  penetration  depths  using  this  model.  However,  since  die  resistance  is 
independent  of  transition  zone  length  for  small  penetration  depths,  die  horizontal  force  for 
minor  hull  defomiations  can  be  calculated  from  this  analytical  model  without  knowing  the 
transition  zone  parameter  n. 

Another  point  worth  noting  is  that  this  model  does  not  take  into  account  the  fact  that 
for  large  penetration  depths  and  shon  transition  zone  lengths  (small  n),  the  rupture  strain 
for  the  hull  material  may  be  exceeded  in  certain  locations  on  the  plate  surface.  An  initial 
assumption  associated  with  this  formulation  was  the  no  hull  tearing  or  rupture  would  occur 
since  plate  rupture  would  result  in  a  significant  and  ur^redictable  loss  of  load  carrying 
capacity  within  the  hull  plating.  In  order  to  partially  address  this  issue  the  model  was  used 
to  calculate  the  uniaxial  membrane  strain  in  the  longitudinal  direction  through  the  damage 
transition  region  at  the  keel.  The  damage  penetration  which  induced  a  longitudinal  strain  in 
the  keel  of  0. 1  was  calculated  for  transition  zone  lengths  corresponding  to  n  =  1  to  n  =  9. 

It  should  be  emphasized  that  this  is  a  rough  method  of  determining  the  parameters  which 
will  result  in  hull  membrane  rupture  and  does  not  take  into  account  the  complicated  two 
dimensional  nature  of  the  strain  field.  However,  this  method  does  provide  a  means  to 
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quickly  estimate  the  combinations  of  grounding  parameters,  Aq  and  n,  which  may  risk 
inducing  membrane  mpture.  Figure  31  shows  how  the  penetration  depth  for  inducing 
longitudinal  membrane  mpture  of  the  keel  hull  plating  varies  depending  on  the  transition 
zone  length. 

The  most  obvi  js  conclusion  that  can  be  taken  from  Figure  31  is  that  the  penetration 
depth  required  to  induce  keel  membrane  mpture  increases  linearly  with  n.  The  results 
show  that  for  a  transition  zone  parameter  greater  dian  five,  the  damage  penetration  must 
exceed  10  meters  to  induce  mpture  and  that  for  damage  penetration  less  dian  two  meters, 
the  mpture  strain  will  not  be  exceeded  for  n  ^  1  .  The  preceding  results  show  that 
although  hull  membrane  mpture  is  a  concern  it  will  not  occur  for  small  damage  penetration 
depths  where  we  can  calculate  the  huU  resistance  since  it  is  independent  of  n. 


Figure  3 1 :  Limiting  penetration  depth  vs  "n"  for  prevention  of  keel  membrane  mpture 
assumed  to  be  at  a  membrane  strain  of  0.1 


6.3  Comparison  with  other  Hull  Failure  Modes 

Although  the  results  show  that  for  minor  hull  deformations  the  horizontal  grounding 
force  can  be  calculated  independently  of  the  transition  zone  length,  no  mention  has  yet  been 
made  of  the  fact  that  the  stmcture  may  not  fail  in  a  shear  buckling  mode.  The  results 
discussed  earlier  are  not  valid  unless  the  hull  plating  fails  by  the  assumed  geometry.  It  has 
already  been  stated  that  tearing  or  mpture  of  the  hull  plating  will  invalidate  this  model, 
however,  no  anempt  has  been  made  to  compare  the  horizontal  grounding  resistance 
calculated  from  these  other  failure  modes  to  that  of  the  shear  buckling  model. 
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An  attempt  has  been  undertaken  to  compare  the  shear  buckling  failure  mode  with  other 
modes  of  hull  plate  failure  by  comparing  the  results  of  the  present  model  with  those  of 
Peer^.  Peer  considered  internal  work  contributions  from  friction,  crushing  of  transverse 
webs  or  bulkheads,  and  bending  of  longitudinal  stiffeners  and  associated  hull  plating  and 
performed  an  outer  dynamic  analysis  on  the  ship  hull  to  calculate  the  lift  and  penetration  of 
the  huU  for  a  given  rock  height  at  various  points  along  the  ship  length. 

To  perform  this  comparison  the  results  of  Peer's  outer  dynamic  analysis  are  used  for 
assumed  rock  heights  of  3.5  meters  and  5.0  meters  which  give  damage  penetration  depths 
along  the  length  of  the  VLCC  for  transition  zone  parameters  of  5, 10 ,15,  and  20.  The 
penetration  depths  used  are  shown  in  Tables  4-1  and  4-2. 
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The  horizontal  grounding  resistance  has  been  calculated  for  each  penetration  depth  and 
transition  zone  parameter  shown  in  Tables  4-1  and  4-2  using  the  grounding  model  and  the 
results  are  plotted  in  Figures  32  and  33. 


Several  observations  can  be  made  from  Figures  32  and  33.  First  of  all,  small 
transition  zone  parameters  result  in  a  horizontal  grounding  resistance  that  is  more  nearly 
constant  over  the  length  of  the  ship.  The  lifting  of  the  ship  at  its  bow  and  stem  as  it  rides 
the  obstacle  results  in  a  reduction  in  the  damage  p)enetration  in  these  locations  which  in  turn 
reduces  the  horizontal  grounding  resistance.  It  was  shown  by  Peer^  that  short  transition 
zone  lengths  generate  less  lift  on  the  ship  at  its  ends.  This  reduction  in  the  lifting  of  the 
ship  at  its  ends  results  in  a  more  uniform  grounding  resistance  along  its  length. 
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Figure  33:  Horizontal  grounding  resistance  for  5  m  rock  hei^t 


The  larger  rock  height  of  5  meters  shown  in  Figure  33  resiilts  in  a  more  uniform 
grounding  resistance  for  all  transition  zone  parameters  less  than  15.  This  is  due  to  the  fact 
that  the  ship  does  not  ride  over  large  obstacles  as  easily  as  smaller  ones  and  a  larger  fraction 
of  the  total  energy  is  dissipated  within  the  hull  structure.  Since  the  fraction  of  energy 
dissipation  associated  with  lifting  of  the  ship  is  reduced,  its  effect  on  the  total  grounding 
resistance  is  also  reduced. 

Another  interesting  point  is  that  the  horizontal  resistance  for  a  short  transition 
parameter  (n  =  5)  does  not  change  as  the  penetration  depth  increases.  This  can  also  be  seen 
in  Figure  29  which  illustrates  that  for  small  transition  lengths  the  resistance  does  not  change 
as  the  penetration  depth  increases. 

Finally,  the  point  is  reached  where  these  results  can  be  compared  to  Peer’s  grounding 
model.  The  resistances  shown  in  Figures  32  and  33  are  roughly  an  order  of  magnitude 
greater  than  those  calculated  by  Peef*.  To  illustrate  this,  the  grounding  resistances,  from 
Peer’s  model  which  neglects  shear,  are  plotted  for  a  rock  height  of  5  meters  in  Figure  34. 
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Figure  34:  Horizontal  resistance  fonn  Peer's  grounding  model 
for  a  5  m  rock  height 


The  fact  that  Peer's  results  are  much  lower  than  those  of  the  shear  buckling  model 
supports  the  conclusion  that  fracture  may  occur  in  the  hull  deformation  process  to  pre-en^t 
development  of  the  high  resistance  associated  with  in-plane  shear.  The  resistance  of  the 
hull  structure  to  other  structural  failure  modes  is,  under  most  circumstances,  much  less  than 
that  of  shear  buckling.  Under  these  circumstances,  the  hull  structure  will  fail  by 
mechanisms  other  than  shear.  Further  investigation  of  this  phenomenon  is  beyond  the 
scope  of  this  paper. 

Figures  29  and  30  show  that  if  either  the  transition  zone  parameter  or  the  penetraticMi 
depth  are  small  then  the  horizontal  resistance  force  will  also  be  small  which  may  lead  to  a 
circumstance  where  the  horizontal  resistance  force  due  to  shear  buckling  is  of  the  same 
order  of  magnitude  as  Peer's  results.  Another  area  that  must  be  addressed  is  how 
increasing  the  transition  zone  parameter  reduces  the  penetration  depth  for  a  given  rock 
height.  The  effect  on  the  horizontal  grounding  resistance  has  been  observed  by  entering 
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the  midships  penetration  depths  for  a  5  meter  rock  height  from  Peer's  results  into  the  shear 
buckling  resistance  model  and  plotting  the  calculated  horizontal  resistance.  The  result  is 
shown  in  Figure  35. 


transition  zone  parameter,  n 


Figure  35:  Horizontal  resistance  (based  on  penetration  vs  "n") 


Figure  35  illustrates  dramatically  how  the  transition  zone  length  affects  the  penetration 
dq}th  which  in  turn  affects  the  horizontal  grounding  resistance.  It  may  be  concluded  from 
Figiue  35  that  either  a  veiy  small  or  a  very  large  transition  zone  lengdi  will  reduce  the 
horizontal  shear  resistance.  The  combination  of  a  small  penetration  depth  with  a  large 
transition  zone  length  may  be  induced  by  minor  grounding  event  such  as  the  ship  riding 
over  a  sand  bar.  In  this  situation,  the  resistance  forces  associated  with  shear  buckling  may 
be  of  the  same  order  of  magnitude  as  the  forces  associated  with  the  damage  mechanism's 
analyzed  by  Peer'*.  However,  further  study  using  both  this  model  and  the  one  developed 
by  Peer  to  analyze  grounding  geometries  with  small  penetration  depths  and  large  transition 
zone  lengths  will  be  necessary  to  confirm  this. 
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The  fact  that  the  horizontal  resistance  shown  in  Figure  35  decreases  for  shorter 
transition  zone  lengths  requires  additional  explanation.  This  grounding  model  formulation 
projects  the  tangential  force  on  the  transition  zone  surface  into  the  longitudinal  direction, 
however,  the  vertical  component  has  been  ignored.  For  short  transition  zones  this  vertical 
component  will  be  quite  large  and,  according  to  Peer,  will  entirely  change  the  geometry  of 
the  transition  zone.  Therefore  the  validity  of  this  result  should  be  questioi^. 

An  alternative  approach  may  be  considered  which  assumes  all  of  the  shear  deformation 
occurs  in  the  wake  of  the  transition  zone  where  the  plate  is  horizontal.  In  this  approach  the 
horizontal  force  componoit  will  be  much  larger  and  the  total  grotmding  resistance  will  not 
drop  as  the  transition  zone  length  increases. 
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7.  Conclusion 


The  first  part  of  the  thesis  focused  on  developing  a  set  of  single  analytical  models  to 
describe  the  in-plane  shear  load  carrying  capacity  of  a  flat  rectangular  plate  in  both  the 
elastic  and  plastic  regimes.  The  plastic  buckling  model  was  found  by  experimentation  to 
give  a  reasonable  prediction  of  both  the  resistance  of  the  plate  and  its  longitudinal  plastic 
buckling  wavelength.  This  model  also  predicted  the  observed  shortening  in  the 
longitudinal  wavelength  as  plastic  buckling  progresses.  The  model  for  in-plane  failure 
provided  an  upper  envelope  for  the  load  oteerved  during  the  buckling  tests. 

A  grounding  resistance  model  was  then  developed  in  the  second  part  of  the  thesis  by 
incorporating  the  buckling  element  model  into  an  assumed  ship  hull  deformation  induced 
by  a  grounding  event.  The  ship  grounding  model  yielded  results  from  which  the  following 
conclusions  can  be  drawn. 

( 1 )  The  horizontal  resistance  of  the  hull  to  deformation  induced  by  grounding  is 
roughly  an  order  of  magnitude  greater  than  the  resistance  of  die  energy  dissipation 
mechanisms  previously  analyzed  by  Peer^  which  ignore  skin  effects.  This  supports 
the  conclusion  that  the  shear  buckling  mode  of  failure  wiU  be  preceded  and  thus 
pre-empted  other  "weaker"  failure  modes  such  as  fracture.  Under  these 
circumstances  a  majority  of  the  total  energy  dissqiation  will  be  due  to  these 
"weaker"  failure  modes  within  the  VLCC's  hull  structure. 

(2)  Larger  rock  heights  result  in  a  more  uniform  hull  resistance  along  the  length  of 
the  ship  due  to  grounding.  The  reduaion  in  the  resistance  at  the  ends  of  the  ship  is 
due  to  lifting  of  the  hull  as  it  atten^ts  to  ride  over  the  obstacle.  Since  the  ratio  of 
this  lift  to  the  damage  penetration  is  less  for  large  obstacles,  less  of  a  reduction  in 
the  resistance  occurs  at  the  ends  of  the  ship,  resulting  in  a  more  uniform  resistaiKe. 

(3)  Short  damage  transition  zones  result  in  less  lifting  of  the  ship  hull  which  in  turn 
causes  the  grounding  resistance  to  be  nearly  constant  as  the  damage  progresses 
down  the  length  of  the  ship. 

(4)  The  penetration  dq^th  required  to  induce  a  longitudinal  strain  in  the  keel  hull 
plating  of  0. 1  increases  linearly  with  the  transition  zone  length.  Therefore,  if  the 
the  goal  is  to  build  a  ship  hull  to  resist  membrane  rupture  due  to  grounding  then 
some  means  must  be  engineered  into  the  bottom  hull  stmcture  to  so  that  it  will 
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"diffuse"  the  damage  out  away  from  the  local  point  of  contact  with  the  obstacle. 
This  will  reduce  the  probability  of  localized  strain  concentrations  in  the  portion  of 
the  hull  being  impinged  upon  by  the  obstacle  by  distributing  them  in  a  more 
uniform  manner  over  a  larger  volume  of  the  stracture  which  will  in  turn  reduce  the 
probability  of  hull  rapture. 

(5)  The  horizontal  grounding  resistance  is  independent  of  transition  zone  length  for 
small  penetration  depths  (i.e.  <  1  meter).  Since  the  transition  zone  loigth  is 
unknown,  the  horizontal  grounding  force  can  only  be  predicted  for  small 
penetration  depths. 

Further  study  is  needed  in  the  area  of  minor  groundings  to  determine  if  the  resistance 
associated  with  hull  plate  shear  buckling  is  of  die  same  order  of  magnitude  as  the  resistance 
associated  with  other  hull  failure  mechanisms.  Specifically,  more  results  are  needed  from 
Peer's  model  for  damage  penetration  depths  less  than  1  meter  in  ctmibination  with 
transition  zone  lengths  greater  than  10  for  comparison  with  this  model.  The  study  of  minor 
groundings  should  already  be  of  interest  when  attempting  to  design  a  tanker  bottom  to 
resist  hull  plating  rapture  since  it  appears  impractical  to  develop  a  design  that  is  enable  of 
remaining  unbreached  following  impact  with  a  large  rock.  Finally,  the  alternative 
formulation  discussed  earlier  which  considers  all  of  the  shear  deformation  to  occur  in  the 
transition  zone  wake  should  also  be  analyzed  and  compared  with  this  grounding  model. 
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APPENDIX  A 


Sh^  Total  Shear  Resistance  Calculations 
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Total  Horizontal  Resistance  vs  Penetration  Depth  and  "n" 
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Rock  Penetration  and  Resistance  Calculation  Results 
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Detenninalioo  of  total  horizontal  grounding  nristance  due  to  in-plane  riwar  of  hull  plating 
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0.1Q92t4141 

0.403349931 

0346921446 

0.292310174 

0242414316 

0196731927 

0133629737 

0.119147337 

0462012316 

0393337373 

0333446047 

0.276419063 

0224411616 

0177332434 

0.133961336 

0A21200263 

0446141011 

0J76313399 

OJ12099726 

0233443303 

0200361631 

0133611631 

03127172 

0491931329 

0.421040117 

0349213311 

0.213649962 

0.224321971 

0171991494 

0.646133123 

0333310304 

0467096321 

0.317304033 

(U14117714 

0249242072 

0190969973 

0711003112 

0609076216 

0314220961 

042661749 

0346719674 

0.274347324 

0210393067 

0776147102 

0663617133 

0362066237 

a4m744S3 

0i3791 14372 

(3300247309 

a230121026 

0.143112332 

0722313311 

0.61(074311 

0.306363391 

0.411739229 

03261466 

029000296 

0.909317962 

0779349902 

0631412391 

0J466363 

0444404096 

0332043696 

0.269114094 

0.973361112 

0.0609012 

0.706327667 

0316443293 

0476799713 

0377743175 

a2«9612054 

1.040229241 

0191716333 

0733432301 

0.623626721 

0301700744 

0403031127 

0309035148 

1.103647164 

0946221701 

0.799301441 

0.663913471 

0339161496 

0427771221 

0321006627 

I.I63I6410I 

O999026Ca6 

0144163037 

0701031037 

0.37007.4136 

0431724341 

0346316413 

1.224332341 

1.049109661 

0117102311 

0.736711719 

0399106772 

a474740765 

0364043364 

1.210113113 

1.091231391 

0921037761 

0.770716267 

0.626766331 

(X496663442 

0310137313 

1J34193133 

1.144004612 

096670772 

0.102127731 

0.632177776 

0317332437 

039672091 

IJ14173043 

1.116137491 

1.002114216 

0.132136173 

0677216716 

0336616122 

0411340621 

1.430413014 

1.22630176 

1.03®73332 

0160643092 

0699163291 

0334363331 

0423239307 

1.472913214 

1.262136319 

1.067021931 

0116067373 

0720312663 

0370903171 

043773706 

lAl  1306121 

1.293611033 

1.094733406 

0909034324 

0.739137766 

031363626 

044903217 

1J4336017S 

U24914I33 

1.119430113 

0929493063 

0753760373 

0391713931 

043910197 

1.373646326 

1330700021 

1.141093473 

0.947436572 

0.77031219 

0610211949 

0467903339 

1.601393103 

137216766 

1.139761363 

0.96299647 

071213733 

0620113733 

0.475472896 

1.623301246 

1.391376169 

1.173306206 

0973912171 

0.793392431 

0.621322473 

0411146179 

1.641330117 

1.406971636 

I.I11436I72 

0916620371 

0102063963 

063337037 

0.417010713 

1.633933326 

1.419233719 

1.191714 

0993136137 

0101977214 

0640124941 

0491241231 

1.667013214 

1.421613631 

1.206706121 

1.001702399 

0114274961 

0.643004333 

0.494440691 

1.673013396 

1.433360069 

1.212413136 

1.006473131 

011113439 

0641041612 

0496763191 

1.610372192 

1.44023313 

1.21640192 

1.009714211 

0120736077 

0630113724 

0491343229 

1.613933131 

1.443091633 

1.211112741 

1.01169136 

0122360431 

0631310413 

0499301592 

1.613667463 

I.44437329I 

1.220030402 

1.012719694 

0.123116132 

0632031301 

0499103276 

1.616293103 

1.44S  107496 

1.220491676 

1.013019964 

0.123413141 

0632266943 

0499913016 

1.616363064 

1.443167037 

1.22CS4163S 

1.013130713 

0.123311431 

0.632293199 

0300005121 

LonghudiDd  TabttUtlon  af  longHudhtdl  doag»ttoa  m  function  of  » [mtters] _ 

dlttinc«» _ Loaiitu<L*8  LoBiltud*9  Loinln>d.*10  Loadtud  #11  Loniitud  *12  Looiitud.  <13 

0  0  0  0  0  0  0 

a4<8  I.4tfS32B4)S  1.01  IMB^  <.41002B«6  3J4t4B.«6  1J268&06  3.4S21<a«T 

0l976  a00014617  aa00100«7  &3»4SSB4)S  3J3991B4»  132317B40  3.4«39t&06 

1.464  a0003094S7  0000331609  0:00022291  0.000123403  5J0997BO9  1.20064B4)3 

1.932  0001213727  aaOOU9063  0000331976  0000294317  0000126733  2.MS62E4)3 

244  0002370376  0001636132  0001037406  OOOQS74372  0000247161  3Jn96&05 

2921  0.004071371  0002(10609  00017*2311  00009(6*7  0000424699  9.6I»3(B4)S 

3.416  000640(317  0004424312  0002(0396(  00013338  000066(716  000013122 

3.904  0009460068  0006332293  0004143192  000229449*  0000987339  000022333 

4J92  0.01329349  00091(07(1  0003(23791  000322334  00013((3(2  00003139*6 

4.(8  001796343  001240(061  0007*72103  00043604*3  0001(77044  000042431* 

3.368  0.Q233I109*  0016242969  0010306617  0.003709633  0.00243(017  0.000333939 

3.(36  00299636(2  O0207046n  001313969*  0.0072799*3  0003134313  000070*934 

6J44  00373339(9  0023*02397  0016377399  0009074923  000390744  00000(3(49 

6. (32  0043620321  0031333324  00200193*9  0011094362  00047773*  00010*06(2 

7.32  0.034(063(3  0037(92639  002403(966  0.013334661  00037423(6  0.0012990*6 

7. (0*  0.064*62618  0044(3374  0.02(4(31*4  00137(8703  0006(00012  000133(373 

(.296  0073744734  003238(393  0033273067  001*446016  0.00794316  0001797333 

*.7(4  00(7396469  006043(243  003(403923  002129292*  000917213  000207323 

9.272  0099749305  0069013426  0043(43733  0.024312(02  0010473(15  0002369(46 

9.76  0112724773  007(003331  0049363643  O0274(62((  0011(41(14  0.002679492 

1024*  0126233709  00(7366346  003331*305  0030791633  0013266763  0003002043 

10736  0.140179613  0097031(33  00616674(6  003420303  001473(3(3  0003333171 

11.224  0.13443917  0.10692936  0.067964749  0.037700972  0016243667  00036763(1 

11.712  0.16(964  01169(3719  007436216  0041232673  001777703*  0004023031 

12.2  0.1(33(2324  0127  ^7097  00*0(10037  0044*32471  001932033  0004372472 

126((  019(200648  0137230476  00(7237913  004(412269  0020*64061  0004721(94 

13.176  0.21270347*  0147304(34  0093635323  0.031963969  0022393432  000306(364 

13.664  02269(3033  0137202362  00999323(8  0.033439911  0023902713  0003409774 

14.132  0.240930939  0166867648  0.106101368  0.09(873307  0023374336  0.003742902 

14.64  0.234439(73  017622(844  011203642*  006217(634  00267992(3  0006063433 

13.128  0.267413143  01(321(768  0.117774339  0.06933214  0.0281672(4  0006379099 

13.616  0.27976(179  0193779932  0123216191  0.06(372013  0.02946(949  0006669714 

16:104  0.291419913  0201(43399  012(347006  0.07121(923  0090693939  0006947412 

16392  OJO29O203  02093*0434  01331368*9  0.073(76236  0.091(410*7  0.00720697 

17.0(  0.31239(00  0216341333  0137361107  0.070302*  0092(9*313  0007449(99 

VM»  0J21344327  0222698(71  01416006(9  0.07(37DS(  0.033(073  000766420 

1(.096  0329(30639  022*43179*  0143242674  00*0390019  0094733699  0007(61096 

1(.344  0337200966  0233329922  0.14(4(0973  00*23(4996  00933067(6  000*096011 

19.032  0.34363333  0237991223  0131313496  00(39532(9  0.0961(30(2  0.00*1(9006 

19.32  0J4920121(  0241(26133  013374797  00(330443(  0.036764033  0.00*3204n 

20008  OJ33(7I13(  0243033413  0.1337962(2  0.0(6439401  0.097232717  0.00*430999 

20496  0J377043(  0247701902  0137476**2  00*7370443  003763334  000*321613 

20984  036073613  0249(096(3  0.13(814103  0.08(111142  00979723(3  000*393723 

21.472  0J630930T7  0231423303  0199*37762  000(67(072  003(2164  000*64(909 

21.96  0J64794272  029239(062  0.16a8*266(  0.0(9090969  a09U99931  000*6(9033 

2144*  0J6394(92I  023339313  01610(*09(  00*9370424  009*314366  000*7162(9 

21936  0366633161  0233((23(6  0161397164  O0*994133(  009*3(7999  000*732939 

23.424  0.36701(478  0234133323  016153612*  00*9629942  009(625*67  000*741301 

23.912  0.367149993  02942240(3  0161613663  0019661393  009(639372  0.00(7446 

24.4  0.367164648  0234234194  0.161620073  0.0*9664941  009(641099  000*744943 


100 


AbNhitc  Value  of  delta  e  difference  between  myacent  hwgKndinab 
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tgmjj 

IKITTZm 

1  1 

0 

0 

0 

0 

0 

0 

0 

1.042098-05 

9J8082B-06 

8.741(I8A06 

7.9012ffi4l6 

7j06197a4)6 

02214884)6 

9J8133B4)6 

000010916 

9J3047B-03 

8.714S9B413 

7.87S22B4I3 

7M138B413 

02046484)3 

9J6743E4)3 

0000961311 

0000932308 

0000909471 

0000274409 

0000243307 

0000216183 

0000187041 

0000660983 

0000792172 

0000729219 

000063412 

0000384906 

0000313384 

0000446163 

0001674701 

0001341488 

0001407833 

0001273777 

0001139331 

0001004393 

0000869346 

0002868464 

0002641378 

0002413624 

0.002184687 

0001934839 

a001724214 

0001492839 

000430029 

0004146612 

0009790709 

0003432732 

0003072917 

0.002711387 

0002348339 

0006619479 

0006102938 

0009382231 

0009037719 

0004329664 

0003998422 

0003464939 

0009263931 

0008348498 

0007823818 

0007092392 

0006333294 

0003612484 

0004864732 

0012469184 

0011312107 

0010342938 

0009369204 

0008373663 

0007373219 

0006368793 

0016231329 

0013019846 

0019738932 

0012487943 

0011202017 

0009902469 

0008390683 

0020621288 

0019064449 

0017482732 

0013877637 

0014230823 

001160411 

0010939469 

0023379939 

0029663734 

0021716971 

0019733367 

0017723734 

0013683988 

0013618962 

0031119192 

0028810931 

0024037616 

0021617772 

0019139961 

0016627739 

0037221704 

0(84484999 

0091687399 

0028832323 

0023923319 

0022964034 

0019939229 

0049862482 

0040663119 

0037390309 

0094042238 

0030624394 

0.027142377 

0.(03601882 

0031008836 

0047321439 

O0433378U 

009966293 

0.09369992 

009163662 

0027339407 

0088621309 

0034417372 

0043662389 

004112217 

O096tt222 

0031731068 

006663314 

0061911928 

0037026984 

0032007977 

0046839233 

0041390877 

0036212031 

0073099239 

0069733412 

0064283873 

0.098696424 

0032874631 

0046930019 

0040893869 

0089778871 

0077898141 

0071824876 

006336393 

003912799 

0.032329478 

0043764783 

009273392 

0086284176 

0079392279 

0072886941 

0063373642 

0038272099 

0030790338 

0101926963 

0.094833248 

0087333478 

0079968816 

007217193 

0.064134237 

0033933897 

0111229967 

0103530898 

0093391753 

008736011 

007886687 

0070126476 

0061137027 

0120399014 

0112309201 

0103708926 

0094806162 

008361269 

0076144099 

0066420236 

012996806 

0.121067304 

0111826098 

0102252213 

O09293U9 

0082161602 

0071683446 

0199271062 

0129769133 

0119884974 

0109643308 

009903391 

0088133821 

0076906376 

0148442707 

0198994226 

012782338 

0116923984 

0.109649617 

0094013979 

0082030114 

0137419196 

0.14672026 

0133392977 

0124046973 

0.112097269 

0099764601 

0087073688 

0166198774 

013486299 

0149131979 

0.130933901 

0118330608 

0103338063 

009194661 

0174342887 

0162707079 

0130990869 

0.197604947 

0.124366007 

0110697201 

0096628421 

0182376322 

0170200829 

0137321494 

0.143949796 

0130109089 

0113803839 

0101089404 

0190189171 

0177296962 

0163879969 

0149949973 

0133323399 

0120631438 

0103901066 

0.197993343 

0.183933282 

0170027349 

0133370087 

0140600663 

0123143301 

010923839 

0.209976924 

0190139409 

0173790239 

0160779801 

014330194 

0129324044 

0112881244 

0210078893 

0.193807431 

a]«096lS64 

0163334709 

0149607487 

OU3148117 

0116212734 

0213618068 

OJ00932647 

0183700882 

0169876738 

0133301306 

0136604091 

0119221311 

0220376799 

0203339933 

018999312 

0173734688 

0136974437 

0139683969 

0.121901004 

0224946498 

0.209604333 

0193638901 

0.177124982 

0160023242 

0142383609 

012424979 

0.228728149 

0219106299 

0196874894 

0.180049121 

0.162631394 

0.I44712S39 

0126271678 

0291992076 

0216069964 

0199394093 

0.182319732 

0164869963 

0.146673394 

0.127973721 

0294378332 

(2218313469 

0201893602 

0184334606 

0.166693393 

0148289637 

0129976134 

0.296697797 

0220471789 

0209627149 

0.186179373 

0168132349 

0149376691 

013049212 

0.238929369 

0221976829 

0203004229 

0187427638 

0169270406 

0130363863 

OU1347614 

0.2393299r 

0229076919 

0206010018 

0188338348 

0170083908 

0131283489 

0131970926 

0240337042 

0223826229 

0206694639 

0188938204 

0170640939 

0131772493 

0132394308 

0240896316 

0224283893 

0207114982 

0189337922 

0170979959 

0132071893 

0132633491 

0241094167 

0.224322897 

020799(7707 

0189333342 

0171134849 

0132226092 

OU2786798 

0241187607 

0224608821 

0207409112 

0189604429 

0.171218198 

0.132281837 

0.132893091 

0.241198027 

0.224618401 

0207417839 

0189612923 

0.171223239 

0.132288078 

OU284(M73 

AbMhit*  Vatu*  of  ddta  ■  dUfcrtnce  bctwctn  MlJfkccBl  loiigItiicUaab 
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a<nt.9*I0) 

(lODl.  11  *12 

Ooot.  12*13 

aadtldtditD 

0 

0 

0 

0 

0 

0 

4.S41S9B-06 

3.70161E4)e 

2.86162E4)6 

20216E4)6 

I.I8138B4)6 

3X32I6B4)7 

4J3002B-4K 

3.69241&03 

183464B<H 

101674B4» 

1.17877E413 

344398B4I6 

aaoois7S7« 

0.000128699 

9.93064B4)3 

7.Q3033E4I3 

4.I0933B-Q3 

1.20064B413 

0.00(»T<<«2 

a000307089 

0000237439 

0000167784 

9.80778413 

286362B-03 

a()00734244 

a000398727 

0000463033 

0000327204 

0000191278 

338a96B03 

aOOl  260882 

aa01028378 

0000793442 

0.000362171 

0.000928663 

9.60338B4I3 

0.001984006 

0.001618544 

0001232168 

0.000885084 

0.000917496 

OOOOI5I22 

a002927776 

0.002389101 

0001848694 

0.001306939 

0000764229 

0100002333 

a0041 12709 

a0Q3336991 

0002398231 

0001837138 

0.001074396 

0000313986 

0.a(S53S3«9 

a004333938 

000331162 

0002483439 

0001432326 

0000424318 

a00726II29 

0.003936332 

0004396963 

0003231636 

0.001902078 

0000333939 

aoonswi 

0.007364974 

0003839712 

0004143673 

0001423378 

0000708934 

aOIlS31S92 

a009424997 

0007302477 

0003167483 

0003023391 

0000883849 

0.0I40M997 

0.011313933 

0008923027 

0.006316982 

0.003696698 

(M»I080682 

0.0I691394S 

0.013833673 

0010724304 

0.007392073 

0.0044433 

0001299086 

0.020008877 

0.016370556 

0012694479 

0.008988692 

0.005261657 

0001338373 

0.(03336139 

a0191 13328 

0014827031 

0010300836 

0006147627 

0001797333 

0(06933136 

0.02203432 

0017110994 

0012120778 

000709692 

000207323 

0.030734079 

0.023169692 

0019332933 

0l0138389S6 

0.008103969 

0002369146 

0.094719414 

0.028441703 

0022077338 

0.013644474 

0009162322 

0002679492 

0.038867162 

0.031848041 

0.01472687 

a017S2487i ; 

001026472 

a003002043 

0:0(3147781 

0.(B3364347 

0027462436 

0.01946664S 

0.011403214 

0003333171 

a04732981 

0.038964611 

0030263776 

0021433306 

0.012369283 

0003676381 

O.0S198O281 

a(M2621338 

0033109488 

0023473633 

0.013733987 

0004023031 

0036463127 

a046307061 

0033977366 

O0233U92I 

0.014948077 

0004372472 

0060930172 

0.049992363 

0038843644 

a027S48208 

0.016142167 

0004721894 

0.065400643 

0.03364931 

0041691336 

0029368336 

0017326869 

0003068364 

0.069781671 

0037249774 

0044492676 

0.031337197 

0.018492941 

0003409774 

0.07406329) 

0.06076608 

0047228261 

0033498971 

0019631434 

0003742902 

0078211029 

0.064172416 

0049877774 

0033379369 

p 

1 

2 

0006063433 

0082196373 

a067444429 

0032422199 

0.037184836 

0.021792183 

0006373099 

0.083992227 

0.070339801 

0034844138 

0.038903064 

0022799234 

0006669714 

0089374314 

0.073498394 

O0S712808I 

0.040322987 

0.023748327 

0006947412 

0.092921376 

0.076243363 

0039260633 

0.04203313 

0.024634317 

0.00720637 

0.096016308 

0.078780448 

0061230827 

0.043431767 

0023432634 

0.007443839 

0.098845436 

0.081098186 

0063030103 

0.04470686 

0026199436 

0.0076642« 

0.101398861 

0.083189124 

0064632633 

0.04383636 

0.026872363 

0007861096 

0.103671443 

0.083049147 

0066093419 

004687817 

0.027470776 

0008036011 

0.103661323 

0.086677768 

a067358167 

0.047772207 

0.027994076 

0001189006 

a 107375085 

0.088078  IG 

0068443312 

0048340404 

0.028443628 

0008320427 

0.108817743 

0.089237131 

0069336881 

0.049186684 

0028821739 

0008430939 

0.110002678 

0.09022302 

aa70106438 

0.049716903 

0.029131923 

0008321613 

0.110946448 

0.090993378 

0070702964 

0.030138739 

0029378638 

0.008393723 

0.11I66937I 

0.091585743 

0.07113969 

0030461671 

002936749] 

0008648909 

0.112196209 

0.092013393 

0071492099 

0030696638 

0029704876 

0008689033 

0.112333791 

0.092307032 

007171T673 

0.030836039 

0.029798077 

0001716219 

0.112772373 

0.092483422 

0071833626 

0030933339 

0029833061 

0008732939 

0.112883133 

0.092377197 

0071926386 

0031003673 

0.029684366 

0008741301 

0.112923912 

0.09261042 

0.07193227 

0031021821 

0.029894972 

00087446 

0.112930433 

0.092614121 

0071933132 

0.031023842 

0.029896134 

0008744943 
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Shear  rotatkw  aii|}c  {Phi}  tor  hall  plate  dement  [radians) 


deni-lAi)  (loii«.i*3)  fleei. 3 h 4)  Oam. 4 5)  (kei. 5 A 6)  (Iobi.6AT)  (tom-TAI) 


0 

1.14S11E-QS 

OiOOOIU132 

aoo(a972<s 

0ba00»46137 

0:001840328 

0:003132148 

0004943333 

0:00727402 

0010182012 

0.013702312 

0017830923 

0022036878 

0.028102443 

0034183328 

0.040880183 

0.048103234 

0033993091 

0004330348 

0.073110832 

0.082290401 

0091803898 

0.10137811 

0111342744 

0.121027409 

0131738399 

0141802037 

0.131800724 

0101099049 

0.171292809 

0180381243 

0189303833 

0.198004039 

0.200033307 

0.213343893 

0.220303008 

0.226881101 

0232032411 

0.237803494 

0.24233394 

0.240248478 

0.249337303 

0.23228022 

0.234408039 

0.230147303 

0237374733 

0238210803 

023872382 

0.238988401 

0.239084344 

0.239093044 


0 

1.03284B-03 

000010493 

0000303393 

0000870S19 

0001093941 

0.002902823 

0004330683 

0006700423 

0009393011 

0012649992 

0016497233 

002094088 

0020000403 

0(81049813 

0.037877472 

0044037233 

0031934784 

0089728401 

0067929747 

0070304089 

0083394170 

0094333148 

010380140 

0113304824 

0122793734 

0.132204303 

0.141041979 

0.130800041 

0.139833338 

0.108304231 

0.170929309 

0184897021 

019242120 

0199438013 

0203974033 

0.211941332 

0.21733907 

0222133177 

0220380220 

0.230037332 

0.23312233 

0233004949 

0.237096362 

0239238130 

0240398830 

0.241173433 

0241031089 

0.241897202 

0.241980204 

0.241990128 


0 

9.0033384)6 

9.3704B413 

0000333483 

000079474 

000134707 

0002032328 

0004103391 

0000134203 

000839739 

001138313 

0013118373 

0019209431 

0023800274 

0029004637 

0034807407 

0041003373 

0047807373 

0034993432 

0002383174 

007032003 

0078703143 

0087242022 

0093893399 

0104002041 

0113476238 

0122272803 

0130986737 

0139334392 

0147913009 

0130009730 

0103784283 

0171188603 

0178178037 

0184713414 

0190702030 

0190298071 

0201302908 

0203703839 

0209083874 

OJ13O0237 

0213913002 

0218204043 

0220139681 

0221380337 

0222031907 

0223347303 

0223786087 

0224012088 

0224093993 

0224103124 


0 

8.08207&4)0 

8.0S738&0S 

0000301342 

0000718814 

0001399734 

000240073 

0003772237 

0003337870 

0007793899 

0010308028 

0013722133 

0017440182 

0021084037 

0.020430784 

0031673493 

0.037391017 

0043337432 

0030130017 

0.037088863 

0004308301 

0.071923347 

0.079703878 

008703203 

0093700828 

0.103808099 

0.111893718 

0.119909332 

0.127789904 

0.133480310 

0.142920333 

0.130077244 

0.130880333 

0103312029 

0109319293 

0.174870340 

0.179900043 

0.184333313 

0188047078 

0.19223834 

0.193333344 

0.197944007 

0.200093384 

020180792 

0203123963 

0204084030 

0.204730919 

0.20313091 

0.203342949 

0.203417001 

0203423922 


0 

7.73973B4)0 

7.738B4)S 

0000269308 

O00U0427S4 

0001232033 

0002148187 

0003370819 

0004977012 

0000983720 

0.009421331 

0.012309288 

0013038903 

001947419 

0023731320 

0028479401 

0.033040704 

0039210374 

0043138473 

0.031448243 

0038038730 

0.004884003 

0.071936799 

0.079143317 

0.080430873 

0.09380371 

0101146389 

0108423379 

0.113381034 

012230033 

0.129329093 

0.133824488 

0.142008072 

0.147842290 

0133294074 

0138333883 

0.102940190 

0.167109843 

0.170818327 

0.174070014 

0.170870291 

017923139 

0181173332 

018272174 

0183909333 

01847730 

0183304248 

0.183724734 

0183910902 

0.183977002 

0.183983097 


0 

0:83O7m-O6 

0.81829B4>3 

0000237300 

OOOOSOOS7S 

000110393 

0001894738 

0002979338 

0004393842 

0000107487 

0008324224 

0010881403 

0013849783 

0017233443 

0021029824 

0023229848 

0.029818107 

0.094773472 

0040008894 

0043672477 

0051347713 

0037034141 

0.003947963 

0070382734 

0076910037 

0083480303 

0090043332 

0.090349228 

0102949013 

0109193348 

0113243209 

0121030329 

0120378801 

0131793037 

0.130003273 

0.141169026 

0.143283081 

0.149001814 

0132310033 

0133209249 

0137704372 

0139807318 

0161333810 

0102913244 

0103909329 

010473893 

0103201827 

0163381913 

0103746092 

0.103806367 

0.163813018 


0 

3.9137984)6 

3.8982984)3 

000020334 

0000490291 

0000933343 

0001040303 

0002380002 

0003806948 

O00334SU 

0.007218331 

0009440031 

0012020813 

0014904773 

0018270208 

0021929703 

0.023930321 

003023383 

0034877133 

0039772479 

0044908098 

0030248039 

0.033733733 

0001388389 

0067104017 

0072860008 

0.078010088 

0084312371 

0089921807 

0.093397121 

0100698477 

0103788008 

0110033038 

0113203088 

0119470731 

0123414894 

0127018700 

0.130270093 

0.1331044 

0133099117 

0137879036 

0139710380 

0141223134 

014242099 

0143348029 

0144018944 

0144474383 

0144733422 

01448969r 

0144948889 

0.14493408 
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Shear  rotation  angle  {Phi}  for  hull  plate  elentent  (radian*) 


l■R9lxm 

m 

Me  then 

0 

0 

0 

0 

0 

0 

4.06niB4)6 

3.144CB4I6 

2.22134B4)6 

1J9S44S416 

4.16443B07 

4.97M»B^ 

4.03739B4» 

3.13696B4tS 

12163E4)3 

1.29333B4>3 

4.17432B-06 

01000173493 

0000141420 

0000109340 

7.72366B4IS 

4J1S73E09 

1.43332B4)3 

a0004I39I4 

0000337461 

0000260944 

0000164376 

0000107777 

3.47346B4I3 

aoootooMi 

0000637941 

00003399^ 

0000210196 

6L7743B4t5 

aooutssM 

0.001130003 

0000074112 

000061777 

0000361166 

a0Q0n6407 

a002180222 

0001770610 

0001376000 

0000972619 

0000366677 

0000163297 

0.0032I732S 

a00262S38 

0002031329 

0001436196 

0000639612 

aC0027070& 

0.01)4319429 

aOQ36M984 

0002033213 

0001016633 

0001160634 

0.00036039 

a00610472S 

0004904320 

0003030904 

0.002729047 

0001396162 

0000314367 

0L0079S67t3 

0006323371 

0003031367 

0003373211 

0002090193 

a00087386S 

a0101743«S 

0006312967 

0006439133 

0004333633 

0002663243 

0000639314 

a012671401 

001033677 

0006024327 

0003676491 

0003322613 

0001071331 

a01547S7t3 

0012634190 

0009607406 

0006941627 

0004062263 

0001309916 

0.011304613 

0.013200668 

0011764404 

0006342747 

0004662926 

0.001374648 

0.021904233 

0.017907602 

0013949072 

0009677363 

0.003761933 

aa0t864693 

0.023660433 

0021002906 

0016291021 

001133669 

0006733332 

a002178824 

0.029393004 

0024230773 

0016601073 

0013316749 

0007796635 

0002313426 

003376000 

0027651932 

0021461466 

0013206303 

0006903223 

0002672333 

0030134717 

003124443 

0024236073 

0017190036 

0010066146 

0003247636 

0042603224 

0034903369 

0027163701 

001923372 

0011279434 

0003636624 

0.04737966 

0030042374 

0030169366 

O02U66656 

0012330346 

0004042609 

0032103142 

0.042792113 

0033244644 

0.023372692 

0.013611323 

000443619 

0037039104 

0046002674 

00)636601 

002379166 

0013113121 

aOOM76387 

0.061970249 

0030643024 

0039313207 

0026027737 

0.016424961 

0.005299917 

0066070323 

0.034001713 

0042661621 

0030263313 

0017736763 

0.005723443 

0071743404 

0.030007343 

0043762662 

0.032461469 

0.019036214 

0.006143637 

0.076334469 

0062029037 

0046134147 

0034664347 

0.020)19116 

0006357206 

0.001209236 

0.066676923 

0031632666 

0.036793441 

0.0213696S6 

a0069«09B1 

0003733490 

007040239 

0054753932 

0036636636 

0.022760469 

0007331932 

0.090001234 

0073979499 

0037343213 

0.040639739 

0.02394286 

0007727239 

0094217173 

007730341 

0060193472 

0.042724603 

a029088863 

a008084326 

0090117237 

0000392742 

0062693634 

0044301333 

002609136 

0006420906 

0.101730927 

0.08338891 

0063029774 

004619966 

0.027064266 

0.006739014 

0103123606 

0006336611 

0067163332 

0.047691027 

0.027962639 

aoom5039 

0100197106 

0000004071 

0069153403 

0049066949 

a02878266 

a009289749 

0110969363 

0091163233 

0070927693 

OQ9<13490]3 

0.02932171 

0009326313 

0.113433396 

0.093109096 

0072303009 

0031466976 

0.030176301 

0.009740311 

0.113394012 

0.094963797 

0073663223 

0.032446764 

0.030733022 

0.009923742 

0.117431326 

0.096488632 

007S07I306 

0033290399 

003124636 

a010085024 

0.119014000 

0.097772017 

0076069267 

0.093996753 

0.031661676 

0.010218988 

0120290377 

0.090023307 

0076666167 

0.094379696 

0032002175 

a0103288e 

0.121320424 

0099663041 

0077339769 

0033041664 

0.03227303 

0.01041626 

0122103331 

0100303913 

0076036636 

0.093399633 

0032460322 

a010483142 

0122673449 

0100773301 

0076401709 

0033633063 

0032631134 

0010331799 

0123060494 

0.101090527 

aQ7864«l68 

0033627706 

0032733444 

0010364603 

0123297206 

010120436 

0076796726 

0039934493 

0032793996 

0010564963 

0.123419123 

0.10130430 

0076676221 

0.033969415 

0032826165 

aOIQ593362 

0123463236 

0.101420314 

0.07690427 

0.036009293 

0032639606 

0.010399116 

0.123460131 

0.10142434 

0.038011308 

0032641103 

0.010599536 

lOA 


In^Une  [NDSFAa]  for  hnD  plate  eleme^ 


qooa.4A  3i  I  flcpi.  3  A6) 


(loni.  2  A  3) 


0<mt«  3^4) 


(Icaa.  647) 


qpct.7^t) 


a005975406 

aQ593S6018 

0.207299566 

a49371068 

a96f»lS184 

1.6448456S5 

2.380560629 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 


0.005493889 
a054764823 
a 190668555 
0.45425168 
a883927938 
1J14744506 
2J77757563 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 


a0Q5012342 
a049971324 
ai74018025 
a41470«91 
0807287904 
U84Q30678 
1173677515 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 


0004530769 
0.045175722 
01573496SI 
0375089415 
07304158)5 
1.25275293 
1.968418622 
1900196097 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 


0004049172 
0040378218 
0140665115 
0335400316 
0653332785 
1.120961337 
1.762082622 
1597404343 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 


0003567554 

0095579013 

012396611 

0295648813 

0576060281 

0.988707182 

1J54774605 

1292782902 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 


0003085918 

0.090778308 

0107254337 

0255842171 


0856042843 

1346602731 

1.986531343 

1789546894 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 
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In-plaiit  [NDSF/ln]  for  hull  ploto  otcmout 


0001.9*10) 

Oooi.  10*111 

noai.  12*13 

ridcibcll 

0 

0 

0 

0 

0 

0 

0.a02e042«6 

0.002122601 

0001640924 

0.001159239 

0000677549 

0000218351 

0.023976305 

0.021173206 

0016369214 

0011564531 

0.006759359 

0.002178337 

a090S3IS06 

0073799331 

0057059534 

0.040313i39 

0.023563975 

0007594097 

0.215987715 

0176092821 

ai3616491 

0096211438 

0056239888 

0018125215 

0421034266 

0343325135 

0265515217 

O187«7209 

0109683941 

0095350522 

0723021693 

OJ89697953 

0456126594 

0322363189 

0188463788 

0.000743178 

1.13767792 

092811353 

0718025011 

0J0732954 

0.296745643 

0.095647429 

1.678835905 

1.36996870* 

1.060086925 

0749431956 

0.438228482 

0.141257399 

2.358316766 

1.924975856 

1.489899547 

1.053472299 

0616065714 

0198598261 

3 

2.601013472 

X013642S7 

1.424063995 

0832915269 

0268510076 

3 

3 

1635995153 

1.864563488 

1.090698852 

0.351634563 

3 

3 

3 

1377218733 

U9OT71001 

0448404991 

3 

3 

3 

1963135455 

1.733798414 

0.559039379 

3 

3 

3 

3 

1119769848 

0683537077 

3 

3 

3 

3 

1547996715 

0.821678806 

3 

3 

3 

3 

3 

0.973030139 

3 

3 

3 

3 

3 

1.136948386 

3 

3 

3 

3 

3 

1J12592736 

3 

3 

3 

3  1 

3 

1.498937544 

3 

3 

3 

3 

3  ' 

1.694788508 

3 

3 

3 

3 

3 

1.898801514 

3 

3 

3 

3 

3 

1109503825 

3 

3 

3 

3 

3 

1325317306 

3 

3 

3 

3 

3 

1544583289 

3 

3 

3 

3 

3 

1765588725 

3 

3 

3 

3 

3 

198659317 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

Jt 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

loBfftudifid.l3  A 
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In-plaac  Amr  rMlftaac*  {Ncwtaai]  tar  bun  plate  ricmaitf 


(kwe.  1*2) 

KsnEon 

I^K^^EEul 

0 

0 

0 

0 

0 

0 

0 

4093J2S89 

3763.474271 

3433.600223 

3103.708454 

2773.80066 

2443.878543 

2113.943812 

40797.C0T85 

37515.49921 

34231.81288 

3094&68597 

27660.23394 

24372.66051 

21084.0377 

142006.2429 

130613.5155 

119207.4176 

107789.0935 

96339.70213 

84920.39721 

73472.34614 

338206.2013 

311175.6363 

284087.6872 

256947.1781 

229758.9892 

202528.0515 

173259J419 

657843.S821 

605516J929 

353013.7367 

500356.1157 

447551.9944 

394618.0776 

341569.2875 

1126767.2 

1037644.124 

9ai01.3418 

858172J59 

767891.1779 

677293.2281 

586414.2921 

1767759.222 

1628833.213 

1489032.434 

1348424.111 

1207077.939 

1065065.907 

922462.1073 

2055087.413 

20S5087.4U 

2a35087>ll3 

1986718.803 

1779297.637 

1570623.094 

1360831.832 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

20SS087.413 

1910920.903 

2055087.413 

2055087.413 

2055087^13 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2035087.413 

2033087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087413 

2033087.413 

2053087.413 

2055087.413 

2053087.413 

2055087.413 

2055087.413 

2035087413 

2055087.413 

2055087.413 

2055087.413 

205S087.4I3 

2055087.413 

2053087.413 

205S087.413 

2055087.413 

2055087413 

2053087.413 

2035087.413 

2055087.413 

2053087.413 

2033087413 

2055087.413 

2055087.413 

20SS087.4I3 

2055087.413 

2055087.413 

2055087.413 

2055087413 

2055087.413 

2055087.413 

2Q5S087.413 

2055087.413 

2033087.4U 

2055087.413 

2053087413 

2035087.413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2035087413 

2055087413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2a53087.4U 

2055087.413 

2055087.413 

2035087.413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2055087413 

2035087.413 

2055087413 

2055087413 

2055017.413 

2055087.413 

2055087.413 

2055087413 

2055087.413 

2055087.413 

2055087.413 

2053087.413 

2QS5087.4U 

2055087.413 

2055087413 

2055087.413 

2055087.413 

2055087.413 

2055087.4)3 

2055087.413 

2053087.413 

2055087413 

2035087.413 

2055087.413 

2053087.413 

2053087.4)3 

2Q550S7.413 

2053087.413 

2035087413 

2055087.413 

2055087.413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2033087413 

2055087.413 

2055087.413 

2053087.413 

2055087.413 

2055087.413 

2053087.413 

2055087.413 

2035087.413 

2055087413 

2053087.413 

2055087.413 

2055087.413 

2a33087.4U 

2053087.413 

2033087.413 

2055087.413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2033087413 

2055087.413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2053087.413 

2055087.413 

2055087.413 

2053087.413 

2055087.413 

2055087.413 

2055087413 

2053087.413 

2055087.413 

2055087413 

2053087.413 

2055087.413 

2053087.413 

2055087.413 

2033087.413 

2055087.413 

2055087.413 

2055087.413 

2053087.413 

2053087.413 

2055087413 

2055087.413 

2055087.413 

2053087.413 

2055087.413 

2055087.413 

2055087413 

2053087.413 

2055087.413 

2053087.413 

2035087.413 

2055087.413 

2053087.413 

2055087413 

2033087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2053087.413 

2055087413 

2053087.413 

2055087413 

2055087413 

2055087.413 

2055087.413 

2053087.413 

2055087413 

2055087.413 

2055087413 

2055087.413 

2053067.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2053087413 

2055087413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2053087.413 

2035087.413 

2055C87.413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2053087413 

2055087.413 

2053087413 

2055087.413 

2055087.413 

2035087.413 

2055087413 

2035087.413 

2033087.413 

2055087.413 

2055087.413 

2055087.413 

2053087.413 

2053087413 

2035087.413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2053087.413 

2033087413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2055087413 

2055087.413 

2055087.413 

2055087.413 

2055087  413 

2055087413 

2055087.413 

2055087.413 

2055087.413 

2035087.413 

2055087.413 

2053087.413 

2035087413 

2055087.413 

2055087413 

2055087.413 

2055087.413 

MhinD  t«tal 

<«hian  l<4«l 

c«l«aM  <«UI 

nIamIMal 

twhtmm  t«Ul 

c«l«aHt«tel 

92446232.43 

92123820.6 

91799868.77 

91406129.29 

90872042.83 

90335536.62 

8965271X03 
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jln-planc  shear  rcsMancc  [Newtons]  for  hull  plate  dements 


lofigiiiidinal.13  A 


■nsfnm 

KSfDEI 

(looi.  10  All 

(loBl.  11*12 

(loDi.  12  A 13 

iidc  shell 

0 

0 

0 

0 

0 

0 

17<3.99816« 

1454.043308 

1124.060936 

794.1127638 

464.1404902 

149J767392 

17794.S2575 

14804.26311 

11213J884 

7922.040368 

4630J3789 

1492.224267 

6201&71948 

30534.69224 

39067.44323 

276t&13433 

16142.00979 

5202.177901 

I«7937.«782 

120628.7134 

93276.93075 

65907.63808 

38323.96229 

12416J006 

2m420.74Q3 

233187.7214 

181883.6604 

12833*1032 

7313*69363 

24216.1375* 

493290.9266 

409960.2803 

312460.0072 

220828.1773 

129103.1838 

4l6iaS46«9 

779341524 

635784.811 

491868.0541 

94767XS29 

203279.4121 

65321.27371 

IIS0065.2I2 

938468.4797 

726190.432 

5133«2.7266 

300199.2789 

9676S.43408 

1613313.7 

1318664.33 

1020624.601 

721639.2203 

422096.6634 

1360433933 

2033087.413 

1781770.016 

1379404.038 

975523  3305 

370371.2286 

113937.226 

2033087.413 

2033087.413 

1805733.486 

1277280.318 

747l6a4y4 

240*79.9212 

2083087.413 

2033087.413 

2033087413 

1628464.099 

932718.6391 

3071704844 

2033087.413 

2053087.413 

2033087413 

2029834.123 

1187702.432 

382938.2638 

2083089.413 

2053087.413 

2055087.413 

2033087.413 

1452104.111 

468242.8141 

2033087.413 

2055087.413 

2033087413 

2033087.413 

1745431.992 

362873.9229 

2055087.413 

2055087.413 

2033087.413 

2053087,413 

2033087.413 

666333.997 

2033087.413 

2055087.413 

2033087413 

2055087.413 

2033087.413 

778842.7722 

2033087.413 

2053087.413 

2033087413 

2033087.413 

8991643702 

2083087.413 

2033087.413 

2033087413 

1026815.893 

2033087.413 

2065087.413 

2033087413 

2033087413 

2033087.413 

116097931 

2033087.413 

2055087.413 

2033087413 

20550*7.413 

20330*7.413 

1300734.363 

2033087.413 

2055087.413 

2033087413 

2055087.413 

20330*7.413 

1443071.386 

2083087.413 

2055087.413 

2033087.413 

2055087.413 

20330(7.413 

1392910.106 

2033087.413 

2033087.413 

2033087413 

20530*7.413 

1743113.696 

2033087.413 

2053087.413 

2033087413 

2033087.413 

20330*7.413 

1894306.859 

2035087.413 

2065087.413 

2033087413 

2033087.413 

20330*7.413 

2045903 J43 

2035087.413 

2055087.413 

2D33087413 

2033087.413 

20330*7.413 

20550*7.413 

2053087.413 

2053087.413 

2035087.413 

2055087.413 

20330*7.413 

20530*7.413 

2033087.413 

2053087.413 

2055087413 

2033087.413 

20530*7.413 

20530*7.413 

2083087.413 

2033087.413 

2035087413 

2035087.413 

20550*7.413 

2053087.413 

2033087.413 

2033087.413 

2033067.413 

20550*7.413 

2053087.413 

2Q33087.4I3 

2035087.413 

2035087.413 

20550*7.413 

20330(7.413 

2053087.413 

2053087.413 

2055087.413 

20530*7.413 

2053087.413 

2055087.413 

2033087.413 

20350*7.413 

2053087.413 

2055087.413 

2055087.413 

2053087.413 

2055087.413 

2055087.413 

2055087.413 

2055087.413 

2033087.413 

2055087.413 

20550*7.413 

2035087.413 

2055087.413 

2033087413 

2055087.413 

20830*7.413 

2033087.413 

2033087.413 

2053087413 

2053087.413 

20330*7.413 

20330*7.413 

2053087.413 

2053087.413 

2053087413 

2033087.413 

20330*7.413 

20330*7.413 

2085087.413 

2055087.413 

2055087.413 

2033087.413 

20830*7.413 

2Q330<’7.413 

2053087.413 

2033087.413 

2055087.413 

20350*7.413 

2053087.413 

2055087.413 

2033087.413 

2053087.413 

20330*7.413 

2055087.413 

2033087.413 

2053087.413 

2033087.413 

2055087.413 

20330*7.413 

2085087.413 

20SSO87.413 

2035087413 

20530*7.413 

20830*7.413 

2055087.413 

2055087.413 

2055087413 

2053087.413 

20330*7.413 

20330*7.413 

2055087.413 

2055087.413 

2033087.413 

2053087.413 

20530*7.413 

2tB30(7.413 

2055087.413 

2055087.413 

2055087413 

2055087.413 

2055087.413 

2083087.413 

2053087.413 

2055087.413 

2035087.413 

20350(7.413 

20330(7.413 

2055087.413 

2055087.413 

2033087.413 

2033087.413 

20550*7.413 

2085087.413 

2055087.413 

2055087.413 

2055087.413 

2033087.413 

20530*7.413 

20350*7.413 

c«iamn  l«ial 

c«himB  l«ial 

cdttoai  t«ul 

c«hiaiBt«tel 

COisM  l«ld 

celvmi  tdal 

88816772.14 

87704474.07 

86211277,22 

83983650.84 

79773286.07 

66406178,5 

total  la-plaa*r«rc*(N<i>tam)>  UOOMKJ 
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Horizontal  ihcar  r«ilstanc«  [Newtons]  for  hull  plate  tlcaicnls 


(lOBi.14  2) 

insiEci 

iiismzn 

(loai.66  7) 

iHEmsi 

0 

0 

0 

0 

0 

0 

0 

40»]  ^62199 

3761.790706 

343X321597 

310X764029 

2773.126478 

2443X17423 

21U.643359 

40711.79S9* 

37446.76(32 

341(1.10(49 

30909.21(35 

27633.49939 

2433433361 

2107X1(531 

141341.21(3 

130093.9123 

11((13.(233 

107496.0492 

96131.7267 

(477(.02013 

733(61220( 

333431.1961 

309013J149 

2(2441.6(34 

233726.(642 

22(((7.6S34 

201931.0(93 

174(72X022 

649963.11(6 

999096.2715 

34(091.71 

496707.1339 

444939X463 

392(264613 

340407.0136 

1106S0a962 

iai2037.92( 

9361(7.63(6 

(49331.1134 

761533.0923 

672»41.77(( 

3(33(635 1( 

1726224.66 

1596307.473 

1464139.161 

132993&ia6 

1193(03.012 

1055941.486 

9163361403 

1993(71.024 

20029S4.(2( 

201 1443 J02 

1932045.406 

1734363.104 

1333436.(02 

1349636943 

19(0142.((I8 

199110X772 

2001496.1(3 

20109(9X71 

2019636.766 

2027411.2(9 

1(9136623 

196S((2.334 

197(926364 

1991 103 J37 

2002364.(1 

201263X472 

2021919.1(4 

2030119X61 

1931349.934 

196637&0QS 

19(0449.102 

1993497X32 

20054S1.14 

2016245.033 

2023(17.79 

1936793.457 

1953765.132 

1969709.42 

19(4333X03 

199(134412 

2010462X13 

2021439.(16 

192244&047 

1941296.43 

1939039X7( 

1973623X41 

1990(79.703 

2004723.4SS 

2017033X49 

190(32X291 

1929139.001 

194666X016 

1966(99.23 

19(3740X1 

199908(.699 

2012734.1 1( 

1(99216.561 

I91732&419 

193(669>423 

193(49X62 

1976(43.(33 

1993374X42 

200(341.772 

1((2702.242 

1906335373 

1929220J73 

1950323X73 ' 

1970290.(76 

19(U31.937 

2004341.939 

1(71131.709 

1(963(6.155 

1920440037 

1943100.791 

1964174047 

19(3467.2(4 

200079692 

lS60ftM.884 

188714a6«3 

mM9A5\ 

193632X669 

193(377.199 

197(9(9X0( 

1997332X03 

1(31330.177 

1(7(924757 

1903315477 

1930273.931 

1933374(97 

19749(6633 

1994266X(1 

1(4330S.64( 

1(71(27.(73 

1(9915093 

1923094X61 

194923X036 

1971493.ir 

1991379.6(1 

1(366«>.24S 

1(65923.949 

1(94013 

1920(61.494 

1945603.729 

1966379X62 

19a9329X(( 

1(31395.03 

1(6127X191 

1((9943443 

1917207.716 

19427349(6 

1966271.672 

1967347.043 

1(27616.233 

1(37917.79( 

1((7039.1(3 

191471X711 

1940660(73 

1964601.(63 

19(6236X27 

1(25336.219 

1(35(9X37( 

1((327X37 

1913204X29 

1939406406 

1963391.427 

19(3476((7 

1(24574.103 

1(55215.417 

19(46(1497 

1912699.942 

193(9(6X(4 

1963233.17( 

19(5213.237 

1(25336.219 

l(55(9X37( 

16(527X37 

1913204X29 

1939406406 

1963391.427 

19(3476((7 

tt276I6.23( 

1(37917.79( 

1(67039.1(3 

191471X711 

1940660(73 

1964601.(63 

19(6236X27 

1(31395.03 

1(6127X191 

1(69963443 

1917207.716 

19427349(6 

1966271.672 

19(7347.043 

f(366«).24S 

1(65923.949 

1(94015 

1920661.494 

l»456l».729 

196(579X(2 

19(9329X(( 

1(43305.64( 

1(71(27.(73 

1(9915093 

1929a34X(l 

194923X056 

1971493.127 

1991379.6(1 

1(31330.177 

1(7(924757 

1905315477 

1930275.951 

1953574(97 

19749(6633 

1994266X61 

1(60636.((4 

1(67140.663 

1912439451 

193632X669 

195(577.199 

197(9(9X0( 

1997332X03 

1*71131.709 

1(963(6.155 

1920440.037 

1943100791 

1964174047 

19(3467.2(4 

2000793.92 

1((270X242 

1906553J73 

1929220375 

1930323X73 

1970290.(76 

196(331.937 

2004341.939 

1(95216.361 

1917526419 

193(669423 

195(49X62 

1976(43.(33 

1993574X42 

200(341.772 

190(32X291 

1929159.001 

194(66X01 ( 

1966(99.25 

19(3740X1 

1999058.699 

2012734.1 1( 

1922446.047 

194129643 

1939039X76 

1975623X41 

1990(79.703 

2004723.466 

3017033.649 

1936793.457 

1933765.132 

1969709.42 

19(4533X03 

1998154.412 

20104(2X13 

2021439.(1( 

1931349.934 

1966376006 

19(0449.102 

1993497X52 

2005451.14 

2016245.053 

2023(17.79 

196388X354 

1978926.364 

1991 105 J57 

2002364(1 

201263X472 

2021919.1(4 

2030119.481 

19(014X(09 

199120X772 

2a0149(.l(3 

20109(9X71 

2019(3(.76S 

2027411.2(9 

2034274.707 

1993(71.024 

2a029(4.(2( 

2011443.(02 

2019220.(06 

2026290X33 

2032626734 

203(216421 

2006801.903 

2014049.916 

202075(577 

2026910.595 

20324(9.(46 

2037481.475 

2041(7X007 

201(671.404 

20a417(.(41 

20292634(4 

2033913.292 

203(124937 

20416(3.961 

20431(6613 

2029224.76( 

203316X14 

20367(9.009 

2040100.216 

2043091.006 

2045757.055 

204(09647 

203(223.279 

2040(06(61 

20431(0X32 

2043343.223 

2047293.736 

2049029.935 

2090356165 

2045463 JOS 

2046943J9 

204(301.993 

2049336X76 

2050631.(69 

2051641.864 

2032307.(23 

2050764.9(5 

2051431.915 

a052043><04 

2052599.3 

2053099.469 

2033543.7(7 

203393X145 

2053999.96 

2a5416(.0(4 

203432X125 

205446X072 

2054587.917 

2054699.651 

2034797X69 

20530(7.413 

20830(7.413 

20350(7413 

20550(7.413 

20550(7.413 

20530(7.413 

30330(7.413 

e<lwaMi  l«(«l 

nhmaiwd 

MhlBH 

>atHan»tel 

iMftl 

(6495617.41 

(699(92X42 

(743(641.34 

(7(02027.92 

(7953043.21 

88D41 168.98 

(791(620.9 
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Horizontal  shear  resistance  (Newtons]  for  hull  plate  elements 


Mctbtll 

0 

0 

0 

0 

0 

0 

im.Bitrn 

1453.946173 

1124.03«CkS9 

7960969405 

4661373309 

149.3766334 

J77»7499»9 

14500.40399 

11211.60504 

7921411507 

4630032317 

1491220063 

61961.24956 

30524.64097 

39073J5233 

27611.25499 

16141.03134 

5201143149 

147723.0116 

120301493 

93219.56341 

65M7.(y>S69 

38521.8492 

1241616291 

2977207579 

234909.0979 

18niaO!Z74 

129469.1193 

7312431116 

24213.72294 

493597.6534 

403033.9322 

3120310964 

220677.0976 

1290719903 

41609.93379 

775763 J995 

633940.6996 

490967 J293 

3473364109 

203215.9164 

63519.14399 

1143316.379 

934799.4203 

724499.6637 

312791.6011 

300079.0614 

96761.40724 

16Q391Z625 

1312295.632 

1017670.005 

7206163217 

421927.6179 

136039J916 

2037211193 

1771429.712 

1374603.063 

9739263929 

370231.1904 

193925.UI4 

2034113.375 

2041091907 

1799349.134 

1274665.479 

7466369141 

2409613723 

XI30994J 

2039960.946 

2043403.937 

1624620991 

931949.7939 

3071466731 

2027794.766 

2036929.904 

2044116.773 

2024404.497 

1196616261 

392921.773 

2024654.942 

203472007 

2042941162 

2049949.693 

1430617.97 

4691919693 

2021613.096 

2032667.637 

2041600.078 

20M321433 

174348X942 

362907.9666 

201S706.078 

2030703 J07 

2040409.887 

2047721792 

205236163 

666469.7939 

2013977.693 

2029937.126 

2039290.046 

2047157.646 

2032369.163 

779733J341 

2013469.596 

2027137.173 

2039237.93 

2046636312 

2032199.663 

9990312753 

2011215.773 

2023629.073 

2037329.099 

2046166902 

2032026962 

1006656733 

200925105 

2024293.706 

2036S19A19 

2045736706 

2031995.6 

1160791.222 

2007605.76 

2023176.994 

2033936.971 

2043411061 

2051766.791 

1300313.363 

2006300.463 

2022299.193 

2033296293 

2045138338 

2051672399 

1444921J9 

2003354.717 

2021643.643 

2034904.139 

2044939.769 

'  2031603.999 

1392629.993 

2004791.996 

2021233.7U 

2034666462 

2044419373 

2031361363 

1742901393 

2004590.043 

2021125.099 

2034396936 

2044779.037 

2031349.449 

1994169.171 

2004791.996 

2021233.713 

2034666462 

2044919375 

2031561363 

2043337.956 

2005334.717 

:  2021645.643 

2034904.139 

2044m769 

2031603.999 

205472672 

2006300.46S 

2022299.193 

2033296293 

2043139339 

2051671399 

2054731.97 

2007603.76 

2023176.994 

2033936971 

2043411091 

2031766791 

2«474J.721 

200923103 

2024295.706 

2036319.019 

2043736.706 

2031993.6 

2034756119 

2011213.775 

2023629.075 

2037329.099 

2046166902 

2032026962 

2034769.966 

2013469.396 

2027137.173 

2039237.93 

2046636312 

2032199.663 

2034793.732 

2013977.693 

2029937.126 

2039290046 

2047157.646 

2032369.165 

2034904.43 

2019706.079 

2030703.307 

2040409.997 

2047722.792 

203256163 

2034926723 

2021613.096 

2032667.637 

2041600.079 

2049321933 

2032769.062 

2034946.237 

2024694.942 

2034720.07 

2042941162 

20499W.693 

2032996156 

2034969.647 

2027794.766 

2036929.904 

2044116773 

204»90.234 

2033206343 

2034991.601 

2030954.3 

2039960.946 

2043403.937 

2030237.492 

2053426759 

2034914.739 

2034113.373 

2041091907 

2046693334 

2030990.252 

2053647.291 

2034937.693 

2037211193 

2043160.942 

2047936743 

2031309331 

2033962.661 

2034960.103 

2040200.004 

2045161.702 

2049139.139 

2032111.929 

2054069.463 

2054991.616 

2043029.069 

2047051793 

2050276312 

2052691.099 

2034266434 

2033001.991 

2045649.439 

2049903J35 

2051326902 

2033207.056 

2054444.482 

203502061 

2048020.101 

2050394^23 

2052271925 

2033691329 

2054606754 

2033037.476 

2050099.921 

2051770147 

2033101973 

2054096.312 

2034749.69 

2033031223 

205195197 

2052937.097 

2033901501 

2034443346 

2034969.009 

2035066623 

2053249.271 

2053963.901 

2054337.073 

2054721923 

2034961943 

2033074.474 

2054264.449 

2054340.614 

2034760J73 

2034924.277 

2033031.679 

2033091.624 

2054990.764 

2054930.131 

2033003363 

2033046464 

2055073.424 

2033093.96 

2055097.413 

2053097.413 

2055097,413 

2053097.413 

2053097.413 

2053097,413 

laul 

MlaeataUI 

€«l«aa  l«Ul 

Utal 

caiuato  IsUl 

9737237139 

96974370.99 

9371572173 

93739669.13 

79692494.21 

66399463.63 
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APPENDIX  B 

Non-dimensional  Shear  Force  Plots  and  Calculations 
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1.  Elastic  pre-buckiing  range  of  shear  deformation 


a.  elemental  shear  force: 


0 


G  = 


_1_ 

2(1  +v) 


b.  non-dimensional  shear  per  unit  length: 


NDSFei  /per  unit  length 


_ E_ 

Oot(l  +v) 


<I> 


2.  Elastic  post-buckling  range  of  deformation 
a.  elemental  shear  force: 


8.98  tt^EtU  ^ 

EtbX 

L  f8.98lt2(l+v)tnl 

12(1  -v2)b 

[8(1  +v)J 

1  3(l-v2)b2  jj 

b.  non-dimensional  shear  per  unit  length: 


NDSFeiB  _  8.98  n^Et 

f  E 

^  8.98it^l+v)t* 

unitlength 

2tOo(l+v) 

3(1 

112 


3.  Plastic  buckling  range  of  deformation 


a.  non-dimensional  shear  force  per  unit  length  due  to  shear  strain  in  q)ertuFe: 


NDSF, 
unit  length 


2  cos  p  cos  O 

Wt 


(t) 


6 


\Ob' 


b.  non-dimensional  shear  force  per  unit  length  due  to  membrane  strain: 


NDSFm  _  4 

4 

b  f 

(■^1 

Ub 

cos^P  cos^O  +  X  +  -180^  +  tanP 
cos^P 

unit  length  t 

2 

X 

+  2  X  tanP  +  tan^P  +  1 

c.  non-dimensional  shear  force  per  unit  length  due  to  plastic  hinge  bending: 


NDSFb 

unit  length 


Wo 

COS^P  cos^O 

Ob 

A 

/l-4 

Woj 

b 

COS^P 

2  cos2<l>  cos^P 
b 


Wq 

d>b 


cosP  sin’^  -7-^  cosi 


Jl 


P) 


sin-»|2^1 


^JlL 


Vl-^vfcos^P 


sin'^l^^  cospjP  +  sin'll 


XbU 
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3.  Plastic  buckling  model  non-dimensional  parameters 


a.  ratio  of  maximum  aperture  opening  to  plate  widdi: 


A 

_ C 

b 


=  JSn^Vl+(Xcos^P  -  tano) 
cos^P 


b.  ratio  of  torture  opening  velocity  to  shear  translation  velocity  difference  between 
plate  longitudinal  ^ges: 


-  1 

2  tan^O  -  3XtanO  cos^p  +  X  cos^p  +  1 

2  2 

O  b  cos  P  cos 

V tan^O  -  2Xtan<I>  cos^P  +  X  cos^p  +  1 

c.  shear  strain: 


Y^ti  = 


tan**(x  cos^P  -  tand>)  -  tan'*/ \ -  tanP  - 


cos^P  i 


d.  ratio  of  aperture  shear  strain  rate  to  shear  rotation  rate: 


1 

1 

cos^P 

l+/X-tanP--iao!^l 

\  COS^P  / 

2 

1+  (X  cos^P  -  tan<I>) 

e.  ratio  of  maximum  out-of-plane  displacement  to  plate  widtfi: 


w 


2Xtan<I> 

tan^O  ^  2 

cos^P 

cos  p 

2 

cos 


llA 


3.  Plastic  buckling  model  non-dimensional  parameters  (continued) 

f.  ratio  of  plate  out-of-plane  displacement  rate  to  shear  translatitm  velocity 
differaice  between  plate  Iraigitudinal  edges: 


shear  rotttioii,  phi  (degrees) 

Figure  B-2:  Analytical  results  for  beta  =  0.1 


Figure  B-3; 


phi  (degrees) 


for  beta  = 


NDSF  per  inch 


300 


shear  rotatioa  angle  phi  (degrees) 
Figure  B-4;  Analytical  restilts  for  beta=0.3 
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NDSF  per  inch 


300 


elastic  curve 


Figure  B-6: 


14  16  18  20  22  24 


m,  phi  (degrees) 
results  for  beta  =  0.5 
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NDSF  per  inch 


500 


shear  routioa,  phi  (degrees) 

Figure  B-7:  Analytical  results  for  beta  =  0.6 


22 


NDSF  per  inch 


180 


0 

0  2  4  6  8  10  12  14  16  18  20  22  24  26  28  30 


shear  rotation,  phi  (degrees) 

Figure  B-8:  Comparison  of  analytical  models  vs  tests  3  and  4  G?eta  =  0) 


NDSF  per  inch 
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Sample  Analytical  Calculations  (beta=0.1) 


Plate  Shear  Geometry 

1  Test  Material  and  Geometric  Parameters 

S  tan) 

S(iDclm) 

FUCndf) 

TAN<Pbi> 

a002S4 

0.0001 

r47S08B-05 

0.001418118 

147508B-05 

Pmnwsr 

a0254 

aool 

0.000247508 

a014181182 

0.000247508 

b  (in) » 

4 

4 

aosos 

0.002 

0.000495017 

0028362362 

0.000495017 

t  (iacbssla 

002835 

00262 

ao«35 

aoo2s 

0.000618771 

0035452951 

0.000618771 

MW 

141.0934744 

1516717557 

aOI89 

aoo3s 

0.000866279 

0049634125 

0.000866279  ' 

Foinoe't  Ktalow 

0.3 

03 

ai 

aOQ3937008 

a000974442 

0055831409 

0000974442 

Yemg't  Medaliis  (pdW 

29000000 

29000000 

aiJ7 

0.005 

0.001237541 

a07090S875 

0.001237542 

PtafOe  Plow  StmM  (p«i)» 

43380 

47810 

0.1524 

aoo6 

0.001485049 

0085087031 

0.00148505 

FUeiit- 

0002120035 

000181067 

ai778 

0.007 

0.001732557 

0099268176 

0.001732558 

S  crit  (Is)  • 

0008565521 

0007315602 

0.]Sn66406 

a007132536 

0.00176536 

0101147683 

0.001765362 

NDSFcilta 

38.45519038 

32J4S862S1 

O.I85«1628S 

0.007315602 

0.00181067 

0.103743768 

0001810672 

naitfe  Hia|a  Men.  (Mo)  • 

0008716371 

0008204674 

a217S«4229 

0.008565521 

a00212003S 

012146903 

0.002120038 

Plata  Lasfth* 

18 

155 

0.4 

0.015748031 

0.003897749 

0223324574 

0003897769 

as 

0.019685039 

0.004872173 

0279154922 

OOOM72211 

0.6 

a023622047 

0.005846587 

a33498474 

0.005846653 

as 

0.031496063 

0.00779538 

0446642362 

0007795538 

\ 

a039370079 

0009744114 

0558296592 

0.009744422 

1.2 

a047244094 

0.011692774 

a669946381 

0.011693307 

1.4 

0.05511811 

0.013641345 

0781591482 

aO)3642191 

1.6 

0.062992126 

0015589812 

0.893230448 

0.015591075 

1.8 

0.070866142 

0017538161 

1.004862632 

a01753996 

2 

a078740157 

0.019486377 

1.116487186 

0.019488844 

2.2 

0.086614173 

0.021434446 

1.228103264 

0.021437729 

14 

0.094488189 

0023382351 

1.339710021 

0.023386613 

16 

0.102362205 

0.025330079 

1.45130661 

0.025335498 

3 

0.118110236 

0.029224943 

1.674465905 

0.029233266 

3.4 

0.133858268 

0.033118921 

1.897574394 

0.033131035 

4.2 

0.165354331 

0.040903745 

2J4361I98 

0.040926573 

4.8 

0.188976378 

0.046739162 

167795671 

0.046773226 

5 

0.196850394 

0.048683613 

1789365533 

0.048722111 

S.5 

a21653S433 

0.053543096 

3.067793428 

0.053594322 

6J 

a255905512 

0063254246 

3.624201358 

0.063338744 

7 

0.275590551 

0.06810546 

3.902155428 

0.068210955 

8 

0J1496063 

0.077798038 

4.457499215 

0.077955377 

9 

0354330709 

0.087475991 

5.012005072 

0.087699799 

10 

0.393700787 

0097137543 

5J65571274 

0.097444221 

11 

0.433070866 

0.106780939 

6.118097145 

0.107188643 

12 

0.472440945 

0.11640444 

6.669483156 

0116933066 

13 

0.511811024 

0126006332 

7.219631036 

0126677488 

14 

0.551181102 

0135584923 

7.768443868 

0.13642191 

15 

0J9055I181 

0.145138547 

8.313826182 

0.146166332 

16 

0.62992126 

0.154665564 

8.86168405 

0.155910754 

17 

0.669291339 

0.164164363 

9.405925174 

0.165655176 

18 

0.708661417 

0173633364 

9.948458968 

0.175399598 

19 

0.748031496 

0.183071017 

10.48919664 

0.185144021 

20 

0.787401575 

0.192475804 

11.02805126 

0.194888443 

22 

0.866141732 

0.211180884 

1109977337 

0214377287 

24 

0.94488189 

0.229737161 

13.16296975 

0.233866131 

26 

1.023622047 

0.248133786 

14.21701869 

0.253354976 

28 

1.102362205 

0.266360524 

15.26133387 

0.27284382 

30 

1.181102362 

0.284407782 

16.2953656 

0.292332664 
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Plate  Shear  Geametry 

1  - 

S  6bb) 

SOad-.) 

ru(tid«) 

»W(4ia) 

32 

I.2SM4232 

0J02266621 

1731(60169 

0311(2130( 

34 

lJ3ISt2677 

a31992(76( 

1(33036(16 

0331310333 

36 

1.417322(33 

03373(6621 

1933082946 

0330799197 

3S 

1.4M062992 

OJS4633232 

203ia9((61 

037024(041 

40 

1J74I0313 

03716624 

21.2946(693 

03(97764(3 

42 

1.633343307 

0388468467 

2123760362 

040926373 

44 

1.7322(3463 

0.403046302 

23.20743309 

042(734374 

46 

1.(11023622 

0421392191 

24.14399409 

044(24341 ( 

4S 

l.((97637( 

0437301(33 

23.06700(7 

04(m2262 

50 

1.96(303937 

0433372332 

23.97632114 

04(7221107 

SI 

X047244094 

046900215 

26.(717(647 

0306709931 

54 

11239(4232 

0.4(43(6309 

27.73329113 

032619(793 

56 

1204724409 

0.49932633 

2(.6207316 

03436(764 

58 

12(3464367 

031442031 

2937411263 

03651764(4 

60 

1362204724 

0329067692 

30313343(4 

03(466S32( 
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Mas.  OM^-PUum  Diqttoctmi 


aoouKiii 

aot4itiu2 

a(ni3«23a2 

a03S4S2»Sl 

a(MM3412S 

aai5sui409 

aomo5i75 


O.IOI147<U 

ai03T4376( 

ai3l4C9(B 

a223324S74 

a2791S4922 

a3349M74 

a44aC423«2 

aSSt2MS92 

aM>94«ni 

a7tlS»I4t2 

0lI9I23O44< 

1.0(M«C2«32 

i.n<4S7ite 

l.22>l<B264 

IJM710021 

1.4St3(W61 

1.<T444S«>S 

I.M7374M4 

XMMIIM 

1<7793<71 

17M3<SS33 

3.06779342* 

3.6M20I3SI 

3.90115342* 

4.4S749921S 

3.012005072 

5J6SS71274 

6.11*097143 

&6694*3136 

7.219631036 

7.76*443*6« 

*J13*261I2 

6*616*40! 

9.403923174 


10.4*919664 

11.02*03126 

12.09977337 

13.16296973 

14.21701*69 

13J6133367 

162933636 

17J1960169 

1*J30S6«16 

19330*2946 

2031*9**61 

21.2946*693 

2623760362 

23.20743509 

24.14399409 

23.06700*7 

23.97632114 

26.(717*647 

27.73329115 

2*.6207516 

29.47411263 

30.313345*4 
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0001117963 

0003333302 

00049936*3 

00033*1344 

0006399734 

000699772 

0007*60713 

000*627407 

000931274 

000(399696 

000931*431 

0010291349 

0013*90296 

0013490469 

0016923734 

0019444069 

0021616702 

0013367144 

001332117 

0026923266 

002*404*79 

002977*3** 

0031060471 

0032261301 

003339041* 

0033439099 

0037310109 

004047333 

0042437996 

0043033794 

0044413332 

0046629102 

004730616* 

O04**49(33 

004967032 

0049993741 

0.049*16*49 

0049161*11 

00(7974224 

00462194 

0043*23936 

004066*475 

003<34**05 

0031073773 

0013291329 

000*119936 


9J 


00013*1017 

000499*376 

0001066474 

0007*99273 

0009343309 


0011162179 

0012223573 

001319*67 

001332243* 

0013491339 

0014392716 

0019740301 

0022041902 

002411431* 

0027773022 

0030970347 

0033*3*0(3 

0016431673 


004111726 

0043216629 

0043113936 

0047100433 

O04**91177 

0031233792 

0033307113 

006079331* 

006444*7*6 

0063391*93 

006*3043*1 

00731*33*1 

00731*6007 

00793*3061 

0.0(2901602 

00*6000*6 

Oa**72S006 

0091107393 

0093174429 

0094943436 

009643601* 

009763773 

0091619091 

00993239 

00997*1333 

0.0999*711* 

0099641*76 

009*2331*3 

0.09373122* 


00*6(14196 

oo'nao*! 

0070*99177 

0037336473 

003730*3*3 


Bt  («•]  dMd*d  bj  pH  width  [b] 


o* 


000193644* 

000(122336 

000*636327 

0009676971 

0011447349 

00121397*3 

0.013677344 

0014979399 

0016176144 

001632(071 

0016333397 

00179*7433 

0024214326 

002704*43 

002960332* 

0034111926 

003*090974 

0041640399 

0044693976 

0047909231 

0030723391 

00333703*7 

0033*74063 

003*232373 


0064772931 

00*9703(64 

0.073799413 

OQ*QSU323 

00*20919** 

00*3697442 

00922*9442 

009331946* 

010092*904 

010*017613 

0.110639137 

011490903* 

011**10307 

0122397636 

012369901* 

012*734024 

0.13132413* 

01340*3637 

013642330* 

013(3396*1 

0.140*939** 

01437997*3 

01463*10*3 

014*263701 

014946396* 

014(979*09 

014979320* 

014*9*3797 

0147211316 

014(7136*9 

0141320*02 

0136921726 

0131374371 

012*476144 

0113929611 

0109267729 

0.091674776 

0.073439649 

0.0*3037*7*  I 


000223602* 

000706979 


00111732(9 

001322039 

0014020337 

001379710* 

0017301732 

001*6*4629 

001*960232 

0019100103 

0020662*12 

00279*09 

0031261333 

00342207 

003943*422 

O0MQS30S4 

OOM1**9«* 

0081979921 

00334*3433 

003*767323 

00*1*37*91 

00647*439 

00*736*77* 

OOI02r43t 

0073221139 

0079*3034 

oa**24l**S 

0093929944 

009372*903 

0100041236 

0107973*61 

011164*034 

011*499691 

0124773142 

0130963174 

0133936049 

0140933*47 

O14360U72 

0149974294 

0134071962 

013791967* 

016133612* 

01649371*6 

016(136326 

0.171143223 

0176630*6* 

01*143**01 

01*367714* 

01*9321202 

0192419929 

019497763* 

0197013214 

019*330639 

0199319374 

019997143 

0.199(69212 

0.1991*9147 

0.197*999*2 

0.193961*93 

0.193324903 

01*992637* 

0.1*961163* 

0.190312037 

0.174269232 

0.166792033 


*J 

1 

000273*374 

0003162237 

000333349 

000*659034 

0.00999*729 

001117*936 

001224399* 

001413*341 

0013*07476 

a0136U242 

0015*06363 

0017672203 

0016193*63 

0010(07446 

0017174037 

O019U197 

0012173112 

00193312*2 

002234647* 

00249*4344 

00211932(3 

0024476233 

0027369*19 

0022*90299 

0016433997 

0029394*06 

002310335 

O029U2796 

00233993*6 

0027022246 

0030112337 

0023313332 

00292390*9 

00326*6769 

0034291076 

003960436 

00442*1606 

003*3173*1 

00*4237177 

00*946433 

00419313*3 

O0«*437167 

00341*1103 

O04U*77*7 

0083*97*6* 

006290242* 

0094099317 

0062433709 

0069*12374 

009913210* 

0061314946 

007640193* 

00637996*7 

0073726397 

00*2444169 

0.06*12976* 

0079739033 

00**03194 

0072113199 

00*3433071 

0093303737 

007(00433* 

00*7*396*4 

009*236767 

0079626713 

0092037532 

0102934264 

00*3076407 

009603673* 

0.107429*34 

00663741*1 

O099**1234 

0111710907 

009257*432 

01070*0476 

011976*923 

O0(*342**7 

0113774412 

0127263337 

O10**2*397 

012396906! 

01409136*7 

0113966019 

0.13427479* 

0130223066 

011*22974* 

013691233 

01331*0731 

0123667176 

0143233063 

Ol(01*6»l( 

013372172* 

0134996703 

0173433* 

013*39961 

0160469933 

0179393079 

0147170796 

01707304S2 

0.191129929 

0139274909 

01(0272527 

0.20112262 

0162*14231 

01*9133427 

0211(04356 

0169*6*49 

01974*9773 

0221177143 

017649*62* 

0203346419 

023001971* 

01*273367* 

02127*2066 

023*393*13 

01**6733* 

0219*4297 

02*6397311 

019*2913*2 

0226967476 

0.253947257 

0.199634*01 

02329*7*1 

0261201*1 

020*7273* 

0239131373 

026(19203 

02093*9129 

02*3021706 

027a2*292 

0214237349 

0290679207 

02*1241397 

021961772 

0236121691 

0.2*7*24237 

02270446*3 

0166422439 

0299134924 

023474*043 

0276029211 

0310139034 

0241*672 

02*3029(01 

0310*62009 

024*437209 

02934*01  U 

0330214012 

0234362117 

0301447767 

0339436092 

0200217931 

030*97*734 

034*1*2669 

0263431947 

0396619671 

02702*6696 

0322*93122 

036462610* 

02747402*6 

OJ292630OI 

0372293237 

027**23333 

033339099 

03796393*3 

0.2*25317*4 

03411333*3 

03*673146 

02t9924*»( 

0346631134 

0393343724 

0.2**9*7(6« 

0331190342 

0400110146 

0.291620025 

0336*013*9 

0406449792 

029393911 

036149(39 

0412363327 

0293999411 

0363931302 

0411473267 

0.297492793 

0.3701 16122 

04241*41*9 

029*7064*4 

0374090015 

O429702C*5 

029993301 

OJ7773242* 

0439034331 

02999900* 

0.3*1161174 

04401*2*71 

128 


aooMiiiis 

2230130920 

31.93001200 

39.11700700 

49LI09122I3 

9090099445 

93J2131177 

63J7901277 

7141907414 

O.OI4ItllS2 

7.120724006 

1009002932 

12J6233164 

14.2707611 

13.96310023 

17.40740103 

2019363968 

2Z37740400 

IMnt3«2362 

3.031193013 

7.120334391 

0.73334133 

1000972139 

11.20233474 

12J6029237 

14:27361000 

13.93071439 

0:(»S4S2951 

4.493733299 

0372003302 

7.01064633 

9.02207437 

100000904 

112B304693 

1Z76420137 

14.27126196 

aO«MMI2S 

3.792330673 

3300021997 

0996707202 

7620910219 

0922690042 

9J3730341 

1070367999 

12:03694010 

0iOJS<JI409 

337270392 

3.071047923 

0217972334 

7.1030092 

0.034133931 

0.002403074 

1016309404 

11J662690 

o.<no9n5(7s 

3.103011294 

4.493147113 

3J13363I 

6J70923372 

7.123606746 

7.007439202 

9.017123137 

100019096 

aOSSMTOBl 

1002003237 

4.099409372 

3.02974120 

3.012670947 

6901726143 

7.124177743 

0.220341693 

9J00126200 

aO»26S176 

1063634007 

3.791049107 

4033460617 

3J70376900 

0016622479 

0992923337 

7.613069227 

0J14311709 

ai0ll47<U 

1630090129 

3.73370734 

4.609006133 

3J27907223 

3.96D092063 

0331010914 

7J4360039 

0434619012 

ai(B7437<( 

1003930236 

3.707010773 

4090990737 

3.200370494 

9.00434449 

0440287002 

7.4M104699 

0J27093272 

ai2i4«9a3 

1400063303 

3.422411000 

4.202272334 

4.030146933 

3.43310M74 

3.996123043 

6.079909072 

7.692731723 

0^324374 

1.743709019 

2300203073 

3.004003292 

3960900394 

3.999017292 

4J79397923 

9.000221004 

3.690409134 

0i27»lS4922 

1349201903 

2332067000 

X790904312 

3.1U30O427 

3966711944 

3.910870979 

4.319272262 

9.03371043 

0l334M474 

1.403134994 

XQ30327753 

2.304313635 

2901613530 

3.249992632 

3J63962603 

4.119393331 

4406730671 

01440642342 

1.I937I0920 

1.744462135 

21.  .244003 

2302146033 

^004301203 

3.076329072 

3J96930012 

3.970092799 

0330290392 

1.031977107 

1347009110 

1.919027172 

222043 

2.499099076 

2.742319209 

3.172000934 

3447941676 

a944219067 

1.401004192 

1.742201041 

2023379917 

2973031034 

2.493373492 

Z007210069 

3429996007 

070I39I402 

0039137000 

1307193379 

1.604217713 

1.067299363 

2.0967069 

2Ja2720092 

Z981990149 

0193230440 

0709307399 

1.194213331 

1.492369476 

1.739223937 

1.99424421 

114699972 

2.409071022 

Z701 13209 

1.004002032 

0.730097070 

1.II00I6499 

IJ99263I41 

1.632733342 

1.033799763 

101763060 

2J36926310 

Z614722993 

I.U04071C6 

0000317232 

1.030479120 

1J20109306 

1942307403 

1.733207367 

1.907906337 

Z210621094 

Z473620n4 

1.220103204 

0630470334 

0993132023 

1.231670141 

1664223367 

1.640349404 

1.01324704 

Z 101703490 

Z391999093 

1J39710021 

0397420763 

0.942773370 

1.19169991 

U9306723 

197266642 

1.7304667 

Z006409373 

Z24S603190 

1.43130061 

0362397002 

0097990123 

1.130327303 

1933341043 

1908319794 

1.697244111 

1.922290307 

ZI31973909 

1.074403903 

0301092704 

0021432093 

1.04797010 

1.232433293 

199149006 

U32967173 

1.T79M1743 

1.992091126 

1.097374394 

0430320301 

0.737006223 

0:973212211 

1.147717706 

1997708077 

1.430036133 

1662202337 

1.061191325 

2J430I190 

0306329679 

0630972320 

a0933426S 

1.01406149 

1.130964114 

1.271223446 

1679123769 

1.696011673 

X0T793071 

0314369227 

0.390091344 

0706217337 

a936963033 

1.063149044 

1.170023606 

1J72377337 

1437712216 

2.709303333 

0.291339921 

0379030070 

0703740213 

0.914022206 

I.039913I26 

1.190642092 

1J41040902 

1402790590 

3.007793420 

0201639341 

0330174093 

0719100391 

0061964931 

0902729709 

1.00864376 

1.270143607 

1.42369467 

3.024201330 

0196209439 

0409097344 

0641309093 

0.773331492 

000006974 

0:906191736 

1.133109763 

1493329209 

3.902133420 

0160300007 

043933097 

0000330700 

0.739023691 

0.040210304 

0943142992 

1.104133633 

1430604907 

4.437499213 

0111033403 

0306790091 

033001407 

0673079023 

0779324351 

0:069009340 

1.019912991 

1.144920132 

3.012003072 

0030002104 

0.341307313 

0302022901 

0622000279 

0.722071066 

0007323366 

0949070122 

1.067022577 

SJ0S57I274 

0000104035 

030090563 

0439727127 

0977233045 

0.673017003 

0734761260 

0090499343 

1.001003019 

0.110097143 

0042903364 

0.204330644 

0422404601 

0937400343 

0630436911 

0709291709 

0039239741 

a944169447 

0.009403130 

0.095701101 

0.231036469 

0300976234 

0902264063 

0392971002 

0.669433097 

0794316019 

a094600D07 

7.219631030 

0132413903 

0199703263 

0330649997 

0470710109 

0999629021 

0634110003 

0739047130 

0:090940897 

7.700443MO 

0.213323330 

0.170239033 

0330023076 

0642143013 

0929666639 

060290902 

0719903601 

0.01213249 

OJ 13024102 

0200279103 

0.141909970 

0309040770 

041604440 

0902310331 

037400704 

0600373216 

a777307429 

0.00160405 

0.377709000 

0.114613464 

0200920032 

0992006306 

0477712392 

0340120339 

0639090667 

a746004747 

9.408923174 

0490290436 

0.007063133 

0290103431 

0909701666 

0434914703 

092443926 

0634036047 

0717731037 

9.940430960 

0.074912241 

0061442292 

0236306919 

0340063993 

0433027129 

0902710002 

0610429700 

0691920128 

1040919064 

1.024004091 

0033090036 

0.219069333 

0929273031 

0414210969 

0482619102 

0900704443 

066USa996 

1102003120 

330343001 

0000304990 

0193914363 

031074400 

0399066073 

0463960793 

0960090027 

0646720400 

12.09977337 

0.043990033 

0197631039 

0276200073 

0362346791 

0430201230 

0933379941 

060040536 

13.16290973 

010437123 

0.120674432 

0244411621 

03321936 

0400827933 

0902709370 

0475777437 

14.21701069 

0.109I60I41 

0.004163432 

0214392771 

0304602487 

0373047933 

0479096970 

0947959230 

13.26133307 

024403230 

0047315230 

0109371393 

0270933329 

0349303213 

0432210831 

0923039299 

10.2933636 

0334013002 

0009360173 

0197407035 

OJ94674133 

0327210674 

0431109344 

0301603101 

17J106O169 

0431006922 

0.030490431 

0129421197 

023139423 

0306302429 

04121 161 U 

040276332 

1033036016 

0617004129 

0.073109407 

0101171213 

020072061 

0206490902 

0394067996 

0466123619 

1933002946 

0094731001 

0.119310737 

0072229669 

0106319049 

0267409006 

0379093093 

0491364063 

2031090061 

1.000331797 

0170900926 

0042166620 

016300431 

0249000013 

0364410376 

0430203062 

21.29400093 

0.229139122 

0010332714 

0141121307 

0230702914 

039070710 

0426410212 

22.23700362 

0290243349 

0.023190745 

0.117744336 

0212603267 

0337740322 

0413799406 

23.20743309 

037336437 

0089432313 

009346334 

0194242404 

0329326362 

0406171966 

24.14399409 

047214904 

0.09097609 

0067909975 

0.173403417 

0313296444 

0397377334 

23.0670007 

OJ9440020I 

0.142479622 

0040991369 

0196110363 

0301492369 

0309271043 

23.97032114 

0730501942 

0.190060900 

0012141910 

0133923466 

0.209764407 

0401723236 

20.07170647 

0999399701 

0.243275127 

0.010937996 

0114602679 

0277967043 

0374600224 

r.73329113 

1.420440006 

0.307197132 

0.032669394 

0092133602 

0263960906 

036701(021 

20.6207516 

2610762105 

0970605976 

0.009333926 

0.060094369 

0233602702 

0361217364 

29.47411263 

0.462249123 

013009203 

0.042229233 

024073101 

0434721992 

3031334504 

0962122791 

0.175007325 

001426403 

0.227263001 

0440217333 

129 


nT’;,Ti;iirT^^f.T^risrrr.iTr‘^Trr:'- 


(XOOUlllU 

aoMunsz 

aO»3«23<2 

a(l9S4S29Sl 

a04M3412S 

ao»ui40» 

aOTOMStTS 

acwKMTtni 

aO»926(l76 

aion47<«3 

ai(B74376l 

ai2l4<WS 

0.223324S74 

a279l34922 

<U34M474 

Oi44«423<2 

0lSn29«S92 


0.711991412 

at992XM4« 

1.00062432 

1.11646710 

1.221103264 

1J3971002] 

1.4S13066I 

1.674469909 

I. 697974394 
2J4361196 
X6779967I 
X769363933 
3.067793426 
3.624201396 
3.9«199426 
4.497499219 
9.011009072 
9J6S971274 
6.116097149 
6.669463196 
7.219631036 
7.766443666 
6.319626162 
666161409 
9.409929174 
9.941491961 
1046919664 

II. 02609126 
12.09977337 
13.16296979 
14.21701169 
19.26133317 
102993696 
17J1160169 
11J3096616 
1933062946 
20.31196161 
21.29461693 
22.29760362 
23.20749909 
24.14399409 
29.0670067 
29.97632114 
2017176647 
27.79329119 
26.6207916 
29.47411263 
30.31334984 


191222B-09 

0000291216 

0.00090242 

0000621018 

0000679203 

000091197 

000129996 

0001907119 

0001791299 

0001791944 

Oa01U7918 

0002191407 

0003994773 

0.004943019 

0009931091 

0.007906699 


0011199996 

0019129639 

0019102721 

0017779224 

0019747171 

0021711914 

0023689469 

0029699197 

002999934 

0033937092 

004140624 

0047306491 

0049274769 

0094119641 

0064017093 

0066930293 

0078797997 

0061911336 

0091429316 

0101271343 

0111129219 

0121001743 

0137191709 

0147101903 

0197739109 

0.167694016 

0.177611609 

0117700411 

019779324 

0.217971137 

0231398979 

029193997 

0.279723101 

0J00743113 

032201411 

0.343996199 

0369390919 

0387934399 

0410006673 

0432123973 


0479972733 

0J03934919 

0927909909 

0992714364 

0377962799 

0.603669606 

0629141649 

0.696913279 


234893B4I9 

0.000294142 

0000909699 

0000637099 

0000891141 

0001003179 

0001273969 

0001321691 

000171339 

0001117144 

0001163761 

0002112071 

0004010492 

0009012203 

0006013399 

0001019192 

0010019424 

0011014271 

0014011796 

0016007199 

0011001722 

0.019996247 

0011911494 

0023979417 

0023969243 

0029949143 

0033916367 

0041149472 

0047711313 

004973799 

0094699414 

0.064393191 

0069479971 

0079309341 

0.019119967 

0091921612 

0101713291 

0111497769 

0.121277149 

0131096339 

0.147136049 

0197619716 

0167410373 

0177110621 

0.117023343 

0196191331 

0216964447 

0236372302 

0296297187 

0.r636l21 

0296316273 

0J16994O3I 

0337608112 

0J31442I7I 

0379929719 

040017476 

0422909921 

0444490699 

0466716119 

0.489324742 

0.91229464 

0939643363 

0999317941 

0.913944901 

0.601130194 

0.633199197 


160791B«9 

0000260776 

0000921917 

0000691173 

0000912963 

OOOIO!26479 

000130333 

000136413 

0001114696 

0001199221 

0001906914 

0009231947 

0004102647 

0009126962 

0006190743 

0001196714 

001024031 

0012211361 

0014321076 

0016399746 

0011399391 

0020429031 

0021460616 

0024490376 

0016311122 

0030967161 

0034610066 

0042672916 

0041700111 

0090706116 

0039714329 

0069699791 

0010677996 

0010607193 

0090901314 

0100366027 

0110201014 

012000991 

0129799641 

0139960739 

0149309009 

0199040226 

0161760163 

0171470603 

0.111174344 

0197174119 

0217273449 

0236690927 

0296149243 

0.279671012 

029327112 

03I4999I76 

0.334842469 

0394142927 

0373011379 

0399391193 

0419912213 

0436113029 

0497904249 

0.4792764 

090094991 

0922943167 

0949276491 

0967961143 

0991036231 

0.614491391 


2.61I17B4)9 

0000261167 

0000937611 

0000672012 

0000940133 

0001091261 

000134311 

0001612319 

0001111114 

0001916701 

0001963173 

0002301912 

0004221897 

OOQ92M323 

0006339093 

0001446999 

0010991271 

001263323 

0014732912 

0016649077 

0011942962 

0021034117 

0023122769 

0029201727 

002729201 

O0S1431049 

0033999112 

0043167331 

009004X372 

0092099927 

0097219933 

0067423701 

0072904113 

0012626931 

0.092697327 

0102711542 

0112693104 

0122623937 

0132912472 

014236244 

0132176079 

0.161936024 

0171704933 

011142949 

0.191120381 

0100792343 

0220071379 

0239309645 

0291496414 

0277673137 

0296191407 

031607492 

033334943 

0394692706 

0374139417 

0393701443 

0.413422126 

0.433302921 

043337304 

0473694412 

0494161709 

0.314937277 

0339911106 

0J3732O797 

0371976932 

0600968043 


17I991B4I9 

0000271926 

0000537797 

0000697112 

0000976001 

0001097117 

0001394012 

0001672734 

0001931332 

0001991292 

OOCDQ39246 

0002317372 

0004316113 

0009410617 

0006974209 


0010940212 
0013111222 
0019292923 
0017464339 
0019632479 
0021797363 
0023999007 
0026117421 
0021272642 
0032373317 
0036161761 
004340094 
0091773194  I 
0093191292 
0099173379 
0069612793 
0074910931 
0089313792 
0099649072 
0.109911679 
0.116124914 
0.126270121 
0136396619 
0146316914 
0.196363449 
0166218939 
0176164722 
0119994919 
0199710498 
0209929091 
022490014 
0.244142697 
0.263271974 
0212310307 
0301279627 
0.320202128 
0.339100231 
OJ9799699 
0376913143 
0399174912 
0.414902901 
0.434020999 
049329089 
0.4T26I6764 
0.492140937 
0.911846013 
0331794394 
0.591118241 
0372269434 
0392919928 


190771EO9 

000029079 

0000981436 

0000726796 

0001017347 

0001144319 

0001493117 

0001743991 

0002033922 

0000072402 

000112993 

OOOa41U77 

0004971414 

0009711132 

0006191279 

0009127261 

0011399397 

0013667678 

0019932121 

001119276 

0020449911 

0022702629 

0024991196 

0027197404 

0029439161 

0033911923 


0047240294 
009315976 
0086093771 
0061933314 
0072416171 
0077141377 
0011607019 
0099290013 
0109892403 
0120416121 
0130163366 
0141236235 
0191936967 
0161767702 
0171930694 
0.112028204 
0.192062926 
0.202039914 
021199093 
0231614143 
029 107367 1 
0.270347269 
0.219499909 
OJ08410299 
032726192 
0346001022 
0.364660919 
0383262311 
0401121992 
0420311909 
0431949113 
0457941329 
0.476193425 
0494924621 
0513791091 
0532717023 
099112451 
0571 103591 
039057702 


3.1191  IB-09 

151792B418 

0000311176 

0000331732 

0000637676 

0000703411 

0.000797047 

0000179211 

0001119731 

0001230793 

0001294973 

0001314349 

0001993614 

0001797192 

0001912106 

0002109209 

0002230922 

0002460439 

O0022T2711 

0002908N3 

O0C3390999 

000297127 

0002728899 

0003010123 

0009012767 

0009929301 

0007912031 

0010006968 

0012496371 

0014911412 

0017461118 

0019937106 

0022409641 

0.024178026 

0027336749 

0.029793131 

0092246211 

0(B7137333 

0042009996 

0081700826 

O0S1920642 

0061311613 

0067293469 

0009199909 

008909117 

009679429 

0101349191 

0.119131274 

0131223111 

0142909339 

0193616626 

0164761671 

0173733201 

0116641973 

0197436776 

0201139427 

0211791776 

0229275704 

0290069961 

0.270929IM 

029067162 

0510919147 

0330017744 

0J49392992 

0368493TT1 

03r7211737 

0.4099I7I11 

0424391472 

0442632941 

0460761064 

0.47176312 

0496662993 

0914479194 

093223963 

0549934476 

0567698444 

0589370541 

0.603114025 


0001219114 

0011037017 
0013712924 
0016923403 
0019191933 
0021911322 
0014712771 
0027431909 
0030149729 
O03219«t32 
0033997441 
0040947993 
004631749 
0096993352 
0064949416 
I  0067919701 
007416374 
0097229123 
0093704749 
0106972919 
0119314112 
0131930716 
0.144423391 
0196793463 
0169042164 
O11II707M 
0193IM629 
0209073017 
0216149314 
0521910197 
024009917 
0291499967 
0274031993 
0296191969 
0317141139 
0339139913 
036004017 
0310964626 
0400729969 
O42093M92 
0440018706 
0439182019 
0478044732 
0496623682 
0514936209 
0533000133 
0990933888 
0961496283 
0319886709 
0603149031 
0620291994 
0.637227214 


aoouiint 

aoi4iin«2 

ains3«2^2 

0^025452951 

a04»634125 

a(»5t31409 

a01090St75 

aoa50«703i 

a09926II76 

aiOIMTOU 

aKB7437« 

012140909 

0223324574 

0279194922 

0l3349M74 

0440042302 

0550290592 

0009940SSI 

0701591402 

0093230440 

1.004062032 

1.116407100 

1.220103264 

1J39710021 

1.43130001 

1.674465903 

I. 097374394 
2J4361190 
207793071 
2709365533 
3.007793420 
3.024201350 
3.902155420 
4.457499213 
3.012005072 
5J0537I274 
0.110097145 
0.009403130 
7.219031030 
7.760443000 
OJ 15020102 
0.00160409 
9.409925174 
9.940450960 
1040919064 

II. (00(13120 
1209977337 
13.10290973 
14.21701009 
19J0!33307 
10.2933050 
17J1060109 
IOJ30SOOIO 
19J3002940 
3(U1 090001 
21.29400093 
2223760302 
23.20745309 
24.14399409 
25.0070007 
23.97032114 
20.07170647 
27.75329115 
20.0207516 
29.47411263 
30J1334504 


0099010914 

0099021313 

0099020109 

0099020622 

0099033401 

00990350 

0099040740 

0099045574 

(M)9909039 

02)99051020 

0099051900 

0099057907 

0099092015 

0099110449 

0099120097 

0.099164035 

0099199027 

0099234274 

0099207974 

0099300924 

0.099333120 

0.099364377 

0099395276 

0099425223 

0099454417 

0.099510541 

0099363041 

0.09960074< 

0099725599 

0099745094 

0099792595 

0099672013 

0099904661 

0099955476 

0.099967107 

0.099999756 

0099993264 

0099967613 

0099923429 

0.099600237 

0099776302 

0.099677952 

0.099559173 

0.099422209 

0.099207265 

0.099094503 

0096690602 

0.096231222 

0.097700004 

0097105769 

0.096451334 

0095739042 

0.094973734 

0094150623 

0093292167 

0092363159 

0091433105 

0090445399 

00694234 

0.066370429 

0067269730 

0066164575 

0.065057997 

0.063913031 

0.06n52576 

0.061579412 


0096141606 
0090150233 
009015939 
0090164264 
0096173003 
0090177062 
0090167594 
0090190906 
0096206212 
0096207445 
0096209140 
0096220757 
0096267164 
0096323336 
0096359332 
0096430693 
0096301793 
0.090572042 
009664164 
0090710563 
009077667 
0.090646496 
0090913404 
0090979706 
0.097045402 
0097174063 
009730123 
0097540204 
0.097722724 
0097760179 
0097920700 
0.096168702 
00963101 1 
0096537301 
0.09676051 
0096965339 
0099171733 
0099339476 
0099466454 
0099616552 
0099729679 
0099621763 
0.099694750 
0099946031 
0.099963361 
0099999024 
0.099973102 
0.099671607 
0.099693237 
0.099445337 
0.099123379 
0.096731206 
0.096270919 
0097744655 
009715356 
0096505637 
0093796015 
0.095(00920 
0.094223970 
0.093303030 
0092457435 
0.09151054 
0090525722 
0069506343 
0.066455729 
0.067377153 


0091636969 

0091650639 

0091603599 

0091670070 

0091063024 

009106606 

0091702432 

0091713301 

0.091726262 

0091729994 

0091732359 

0.091746493 

0091640969 

0091691519 

0091941926 

0092042363 

0092142349 

0092241623 

0092340603 

0092439264 

0092337264 

0092034736 

0092731703 

0.092626150 

0092924094 

0093114409 

0.093302022 

0.093072034 

0.093944427 

0.094033919 

0.094233196 

0.094067067 

0.094697599 

0.093307317 

0.093702316 

0096061036 

0096445127 

0090792448 

0097123261 

0097437316 

0097734271 

0096013664 

0.096275644 

0096319972 

0.096746031 

009695362 

0.099313695 

0.099399009 

0.099606312 

0.099941296 

0.099997604 

0.099976026 

0099662497 

0099712091 

0099466004 

0099131746 

0096763116 

0096310195 

0097769301 

0.097204964 

0096559991 

0095637239 

0095099791 

0094290622 

0093433599 

0.092331446 


006591666 

0.065930576 

0.063946017 

0065933734 

0065969165 

0065975907 

0069992303 

0.066007723 

0066023137 

006602316 

0066026001 

006604726 

0066137761 

0.066216257 

0066276657 

0066399229 

0.066319495 

006663945 

0066799092 

0066676416 

0.066997419 

0067116096 

0.067234449 

0067332466 

0067470151 

0067704496 

006793746 

0.066399116 

0066741309 

0.066654666 

0069136635 

0069692796 

0069967062 

0.090507693 

0.091037424 

0091553612 

0.0920624(5 

0092556799 

0093036534 

0.093307196 

O0939SI37 

0094403649 

0094630634 

0.093242937 

0095640161 

0096022002 

0.096737977 

0.097366213 

0097970306 

0096462121 

0096921609 

0099267634 

0099376961 

0099794372 

0099933472 

0099996095 

0099962405 

0.099692909 

0099726432 

0099490206 

0099179661 

0096796591 

0.096349049 

0097633342 

0.097254 

O0966I37S6 


0079436627 

0.07945192 

0.079466669 

0079477073 

0079493639 

0079501165 

0079516963 

0079535744 

0079552503 

0079554724 

0079337792 

0079576735 

0079699022 

0.07976491 

0079630766 

0.079962376 

0060093654 

0060225193 

006033639 

0060467442 

0060616347 

0.0607491 

00606797 

0061010142 

0061140424 

0061400493 

O061659U1 

0062176311 

0062362002 

0062690103 

0063009461 

0063644136 

0063939367 

0064563346 

0.065204946 

0065617747 

0065423307 

0.067021161 

0067610924 

0.066172065 

0066764215 

0069326663 

O06967P579 

0090421913 

0090953416 

009147365 

0092476536 

0093433106 

0094333994 

009517797 

0.095961962 

0.096663064 

0097336672 

0097926299 

0.096443607 

0096669326 

0099261293 

0.099556466 

0099779943 

0099925156 

0099993696 

0099966299 

009990264 

0099744342 

0.09951195 

0.099207126 


0072632694 

0072646063 

0072665167 

0072673736 

0t072690641 

0072696315 

0072716494 

OOn73SS97 

00727507 

0072752967 

0072756096 

0072777476 

0072900325 

0072967666 

0073035012 

0073169705 

0073304404 

0073439105 

0073573606 

0073706504 

0073643196 

0073977665 

0074112562 

0074247226 

0074361676 

0074631123 

007492026 

0075456245 

O07S661331 

0075993606 

0076331073 

0077000929 

0077335232 

0076002363 

0076667229 

0079329462 

0(779966664 

0060644S1 

0061296546 

0061944391 

0062567636 

0063225672 

0063636672 

0064465611 

0065106257 

0063720175 

0066926056 

0.066099694 

0069237493 

0.090335656 

0091391169 

0092399952 

0093336672 

0094263976 

009311262 

0095901519 

0096627772 

0097286695 

0097661642 

0096405033 

0096656373 

0099234274 

0099537469 

0099765026 

0.099916354 

0.099991212 


0059360444 

0059374613 

0059390336 

0059398231 

0059413961 

0099420664 

005943761 

0099433366 

0039469123 

0059471214 

0099474099 

00994936(0 

00996071(19 

0099669266 

0099731476 

0039696017 

0099960726 

0060109609 

0060230649 

0060333199 

0090461234 

0060606772 

0.060732473 

0.060651336 

0060964399 

0061236664 

0061490039 

0061991206 

0062360929 

0092906794 

0062629109 

0063472402 

0063799347 

0064443731 

0069093299 

0065749674 

009940727 

0067067292 

0067729737 

0.06639439 

006906103 

0069729423 

0070399329 

O07I07D494 

0071742696 

O07Z4199S 

0073762383 

0075106626 

0076451799 

007776911 

0079117657 

0060435039 

0061737361 

0063022206 

0064269694 

006991446 

0066739169 

0067914227 


0090162916 

0091229374 

0092241623 

009320676 

0094122652 

0.094960774 

0.09S779432 


0O47K104 

0047772696 

0047766077 

0047792667 


0047611614 
0047625634 
O047U6626 
0047692022 
0047153772 
0047656166 
0047672666 
0047961607 
004601971 
0046071667 
OOai7C36 
OOtt26102I 
0046369919 
0046491021 
0046596339  i 
0046701667 
0048607607 
0046913956 
004901972 
0049126094 
0049339473 
0049953695 
0049964664 
0050310096 
0090416992 
0050692149 
0091242376 
OQ51SI944 
005207745 
005264061 
0.093206681 
0053762222 
0054360565 
0054943916 
0055532163 
0056125256 
0056723127 
00573257 
0057932694 
0056544616 
0059160779 
0060405969 
0061667619 
0062944639 
0064235694 
0065540094 
0066655611 
0066161474 
O069S15361 
00706556 
0072200163 
0073546666 
0074693369 
0076237175 
OOnS75637 
0076905956 
0060225193 
0061530274 
0062618002 
0.064065067 
0069326066 


131 


aooi4i«ii8 

0019768629 

0.03785588 

0.052404037 

0062401931 

0.067761499 

0069095128 

0063599148 

a053227042 

0.014181 182 

0.019725218 

0.037818601 

0.052376216 

0.062384768 

0067754285 

0.069093956 

0.063609235 

0.05323946 

a0283e2362 

0019676975 

0.037777163 

0.052345282 

0.062365678 

0.067746254 

0.069096867 

0063620443 

0.053253264 

a03S4S29S1 

001965285 

0.037756437 

0.052329807 

0062356m 

0.067742232 

0069097318 

0063626047 

0.033260169 

aO«M34I25 

0019604595 

0037714972 

0052298839 

0.062337003 

O06n34175 

0069098212 

0063637256 

0.053273982 

0055831409 

0019583504 

0.037696846 

0.052285299 

0.062328639 

a06n30649 

0069098599 

0063642155 

0.053280021 

0020905875 

0.019532196 

0.037652741 

0.052252345 

0.062308278 

0.067722058 

0069099333 

0063654071 

0.033294714 

O0S5087031 

0.01948392 

0.037611232 

0052221321 

0.062289101 

0.067713958 

00691004 

0063663282 

a053308544 

0099268176 

0019435635 

0.037569704 

0.052190275 

0.062269902 

0.067705841 

0069101257 

0063676493 

aOS3322379 

0101147683 

0019429235 

0.037564199 

0052186158 

0.062267356 

0.067704764 

006910137 

0063677979 

a093324214 

0103743768 

0019420395 

0.037556594 

0052180472 

0.062263839 

0.067703276 

0069101323 

0063680031 

aQ53326747 

012146909 

0019360028 

0037504656 

0.052141625 

0.062239802 

0.0676931 

0069102376 

0063694046 

0.053344052 

0223324574 

0.019012892 

0037205657 

0.051917716 

006210102 

0067634102 

0069108288 

0.063774392 

a053443683 

0279154922 

0018822437 

0.037041374 

005179449 

0.062024469 

0.067601384 

006911118 

0.063818753 

a053498436 

033498474 

0.018631857 

0.036876815 

0.051670913 

0.061947577 

0.067568398 

0069113902 

0063862922 

a053553285 

0446642362 

0018250328 

0036546873 

0.051422708 

006179277 

0.067501613 

0.069118831 

0063951279 

0.053663278 

0558296592 

0017868314 

0036215835 

0051173101 

0061636592 

006743374 

0069123066 

0.064039657 

a053773662 

0669946581 

0017485825 

0035883705 

0.050922091 

0061479038 

0067364789 

0069126599 

0.064128054 

a053884438 

0.781591482 

0017102867 

0035550487 

0050669677 

0061310101 

0.067294692 

0.069129423 

0064216465 

a053993605 

0893230448 

001671945 

0035216186 

0050415856 

O0811597T7 

0067223301 

0069131328 

006430tt86 

a034ia7162 

1.004862632 

0016335582 

0.034880808 

005016063 

0.060998058 

0067151 189 

0069132907 

0064393311 

a05421911 

1.116487186 

0015951271 

0.034544355 

0049903995 

0.06083494 

0.067077746 

0.069133532 

0064481738 

a054331447 

1.228103264 

0.015566526 

0034206833 

0.049645952 

0.060670416 

0.067003165 

0069133454 

0.064570161 

0.054444174 

1J39710021 

0015181355 

0033868247 

0049386499 

0060504481 

0.066927436 

0.069132604 

0064638575 

aQS4S57289 

1.45130661 

0.014795767 

0033528601 

0.049125636 

0.060337119 

0.066850552 

0.069130995 

0064746978 

0.054670792 

1.674465905 

0.014023373 

0032846151 

0.048599677 

0.059998151 

0066693286 

0.069125464 

0064923725 

0.05489896 

1.897574394 

0013249414 

0032159523 

004806807 

0.059653438 

0.066531298 

0.069116791 

0.065100366 

0055128671 

134361198 

0011697075 

0.030773899 

0.046987899 

0.058946628 

0.066192889 

0069089745 

0.06545317 

0055592704 

167795671 

0010529229 

0.029724029 

0.046162928 

0.05840114 

0.06592619 

0.069060694 

0.065717197 

0059944734 

1789365533 

0.01013931 

0.029372074 

0.045885111 

0.058216353 

0.06583479 

0.069049293 

0.065805069 

0.056062836 

3.067793428 

0.009163202 

0.028487867 

0045184384 

0.057747865 

0.065600739 

0.069016949 

0.066024397 

0.056359739 

3.624201358 

0007205845 

0.026701262 

0.043756459 

0.056782681 

0.065108404 

006893531 

0.066461233 

0.056960551 

3.902155428 

0006224876 

0.025799058 

0.043029282 

0.056285832 

0064849836 

0068885725 

0.066678602 

0057264422 

4.457499215 

0.004259063 

0.023977347 

0.041548574 

0055263254 

0.064307343 

0068768287 

0067110678 

0057878988 

5.012005072 

0.002289026 

0022133266 

0040032874 

0054201705 

0.063730065 

0068623495 

0067338607 

0058502488 

5.565571274 

0.000315908 

0.020267691 

0.038482398 

0.053100668 

0.063116983 

0.068456129 

0.067961568 

0.059134706 

6.118097145 

0.001659147 

0.01838154 

0.036897423 

0.051959662 

0062467063 

0.068258951 

0.068378699 

0099775396 

6.669483156 

0.003634993 

001647577 

003527828 

0.050778254 

0.061779289 

0.068032702 

0.068789093 

0060424282 

7.219631036 

0005610484 

0.014551375 

0.033625359 

0049556061 

0.061032659 

0.067776106 

0069191798 

0061081058 

7.768443868 

0.007584474 

0.012609385 

0.031939109 

0.048292745 

0.060286191 

0067487875 

0069589815 

0.061745386 

8J 15826182 

0.009555826 

0.010650866 

0.030220037 

0.046988028 

0.059478929 

0.067166707 

00699701 

0.062416891 

8.86168405 

0.011523406 

0.008676916 

0028468711 

0.045641683 

0.058629942 

0066811292 

0.070343562 

0.063093165 

9.405925174 

0.013486091 

0.006688664 

0.026685757 

0.044253546 

0057738331 

0.066420314 

0,070705061 

0.063779762 

9.948458968 

0.015442768 

0.004687266 

0024871862 

0.042823513 

0.056803234 

0.065992454 

0071053412 

0064470196 

10.48919664 

0.017392337 

0.002673905 

002302777 

0.041351544 

0.055823824 

0065526395 

0.071387381 

0065165942 

11.02805126 

0.019333713 

0.000649789 

0.021154286 

0.039837665 

0.054799321 

0065020623 

0.071703686 

0065866432 

1109977337 

0.023187639 

0.003425777 

0.017322646 

0.036684625 

0.052612143 

0063885929 

0.072289944 

006727915 

13.16296975 

0.026996241 

0.007529394 

0.013384511 

0.033366004 

0.050236452 

0.062577496 

0.072795001 

0.068702901 

1421701869 

0.030751575 

0.011650804 

0009348318 

0.029884578 

0.047667931 

0.061065576 

0.073208947 

0070131459 

15.26133387 

0.034446105 

0.015T79625 

0.005223312 

0.02624433 

0044903321 

0.059400691 

0.073519184 

0071557769 

16.2953656 

0.038072747 

0.019905431 

0.001019479 

0.022450464 

0.041940523 

0057513978 

0.073712479 

0072973905 

17.31860169 

0041624907 

0.024017848 

0.003252534 

0.018509405 

0.038778707 

0055417352 

0.073775028 

0.074371022 

18J3056816 

0.045096513 

0.028106636 

0.007581518 

0.014428779 

0.035418396 

0.053103649 

0.073692345 

0075739324 

19J3082946 

0048M2039 

0.032161779 

0.011955794 

0010217374 

0.031861537 

0050366789 

0.073450358 

0077068035 

2031898861 

0.051776519 

0.036173564 

0.016363329 

0.005885084 

0028111559 

0047801923 

0.073033536 

0078345371 

21.29468693 

0.05497556 

0.040132653 

0.010791849 

0.001442832 

0024173398 

0.044805569 

0.072427021 

0079958538 

2125760362 

0.058075347 

0.04403015 

002522895 

0003097523 

0.020053513 

0041575744 

0.071613786 

0080693728 

23.20745509 

0.061072635 

0.047857666 

002966222 

0.007723291 

0.01375987 

0038112074 

0.070585007 

0.081736141 

24.14399409 

0.063964745 

0.051607364 

0.034079352 

0.012421079 

0.011301906 

0.034415889 

0.06932025 

0082670008 

25.0670087 

0.066749547 

0.055272005 

0.038468256 

0.017176917 

0.006690464 

0.030490292 

0.067807668 

0.083478653 

25.97632114 

0.069425447 

0.058844981 

0.042817163 

0.021976402 

000193771 

0026340207 

0.06603421 

0084144553 

26.87178647 

0.07199136 

0.06232034 

0.047114725 

0.026804845 

0.  72942975 

0.021972393 

0.063987842 

0084649434 

27.753291 15 

0.074446685 

0.065692798 

0.051350102 

0.031647413 

0.007937121 

0017395439 

0.061657757 

0.084974384 

28.6207516 

0.076791281 

0.06895775 

0.055513044 

0.036489286 

0.013029316 

001261972 

0.059034596 

0.085099988 

29.47411263 

0.079025432 

0.072111268 

0.059593954 

0.041315791 

0.018203364 

0007657331 

0.0561 10656 

0.085006492 

30.31334584 

0.081149817 

0.075150091 

006358395 

0.046112548 

0.023442457 

0002521986 

aQ92880088 

0.084673981 

132 


aoouuiii 

aouitnsj 

a03«3aU62 
a(»S4S29SI 
a04M34I2S 
a0HS3140» 
a(noMst73 
aotsotTO}] 
ao9926(n« 
atOIU76U 
a  10374376* 
ai2146M3 
a223324S74 
a279154922 
03349(474 
0446642362 
033(296392 
06699463(1 
07(13914(2 
0(9323044* 
1.004(62632 
1.1164(71(6 
1^2(103264 
1J39710021 
1.4SI3066I 
1.674463903 

I. (97374394 
23436119* 
167793671 
17(9363333 
3.06779342* 
3.62420133( 
3.90213342* 
4.437499213 
3.012003072 
3J65S71274 
6.11(097145 
6.6694(3136 
7.219631036 
7.76*443(6* 
(J13(261(2 
(.(616(405 
9.403923174 
9.94(43(96( 
10.4(919664 

II. 02(03126 
1109977337 
13.16296973 
14.21701(69 
13.261333(7 
16.2933636 
17J1(60I69 
1(.33036(16 
19.330(2946 
20.31(9((61 
21.2946(693 
2123760362 
23.20743309 
24.14399409 
23.06700(7 
23.97632114 
26.(717*647 
27.73329113 
2(.6207316 
29.47411263 
30.313343(4 


1.013000217 

1.014936033 

1.014907233 

1014((293 

1.014(34611 

1.014(133(3 

1.014762679 

].01471510( 

1.014667(43 

1.0I466I604 

1.014632992 

1.01439447 

1.0142674(3 

1.014094979 

1.013927236 

1.013606039 

1.013303(97 

1j013020(1 

10127367( 

1.012311(09 

1.0122(3(99 

1.012079033 

1.011(91272 

1.011722361 

1.011372923 

1.0113306(1 

1.011163179 

1.011062936 

1.0111(7006 

1.011266623 

1.011349447 

1.012474397 

1.013117209 

1.014763316 

1.0I6(91(I( 

101930434 

1.02260269* 

1.0261(((97 

1.030263127 

1.034(33763 

1.039(97363 

1.0*S43(66( 

1.031320397 

l.C3(0(624( 

1.06313((92 

1.072741976 

1.0(9434102 

1.10(233376 

1.129173977 

1.13223143 

1.177324529 

1.203034231 

1.234(23(71 

1.26693((7( 

1.3014266(6 

1.33*337533 

U7T722499 

1.419633206 

1.464130936 

1.311266737 

1361101171 

1.613694437 

1.66910(192 

1.72740330* 

1.7*6630795 

1.632909741 


1.029667636 
1.0293(03* 
1.0294(3714 
1.029433494 
1.0293392* 
1.029297329 
1.029193323 
1.029100063 
1.029004906 
1.02(992316 
1.02(974936 
l.Q2((3633( 
1.02(1(3303 
1.027(23969 
1.027467307 
1.026767994 
1.0260(7363  | 
1.023423419 
1.0247(213( 
1.0241373(1 
1.023331691 
1.0229644(( 
1.022393973 
1.021(46134 
1.021313027 
1.02030((6( 
1.019377323 
1.017739424 
1.01670732 
1.016401046 
1.013716941 
1.014700921 
1.01436927* 
1.0140393 
1.01422223 
1.014(59126 
1.01597192* 
1.017562637 
1.019633313 
1.0221(6(9( 
1.023223401 
1.02(751(09 
1.032769102 
1.0372*0443 
1.0422(9191 
1.04779**7* 
1.06033612 
1.074924034 
1.091397239 
1.110393013 
1.131331199 
1.15451407( 
1.1799262(( 
1.207634704 
1.2376((332 
1.27013(203 
1J05(137279 
1.342440329 
1.3(2403(33 
1.4249(3973 
1.470246337 
1.51(246106 
1.369047697 
1.622714(92 
1.679312667 
1.73*907143 


1.053662(69 

1.053334(91 

1.033392971 

1.053322121 

1.0531(0641 

1.03311(904 

1.03296*96* 

1.032(2(219 

1.0326(7762 

1.05266916* 

1.052643494 

1.03246(462 

1.051471316 

1.030931434 

1.030393926 

1.04933(469 

1.04(299142 

1.047277941 

1.046274(66 

1.0432(9914 

1.0443230(3 

1.043374376 

1.0424437(9 

1.041331321 

1.040636975 

1.03(902646 

1.037240(1 

1.034134679 

1.031995323 

1.03131(763 

1.029706313 

1.026(22175 

1.023550702 

1.0233493*3 

1.02160323 

1.020319107 

1.0194927(6 

1.01912(141 

1.019227244 

1.0197923*7 

1.020(26077 

1.02233103* 

1.024310203 

1.026766723 

1.029703931 

1.033123442 

1.04143647 

1.031732273 

1.06404(412 

1.07(423403 

1.094(9(0 

1.11331(1(6 

1.13432(762 

1.157379502 

1.1(2721(63 

1.2I04094(* 

1.24049(044 

1.273043107 

1.30*11002 

1.343733764 

1.3*603**32 

1.429029]  14 

1.4747*97*3 

1J233*719* 

1.374**87*6 

1.62936297* 


1.0(636(009 

1.0*620245* 

1.0(601(7(4 

1.0(3927094 

1.0(5743(0* 

1.0(3663(11 

1.0(3469459 

1.0(52(6914 

1.0(3104652 

1.0(30(0517 

1.0(30471(9 

1.0(4(I9((4 

1.0U322249 

1.0(2(17139 

1.0(21164 

1.0(072(031 

1.079337134 

1.07(003702 

1.07666n3 

1.073349211 

1.07404(139 

1.072764311 

1.07149(319 

1.070249362 

1.06901(233 

1.066607(3 

1.064267146 

1.039794705 

1.0566231** 

1.033600(36 

1.053121136 

1.0((4((325 

1.04633331 

1.042336412 

1.09((14336 

1.093710071 

1.0730*4(4* 

l.a30(2013( 

1.02903763* 

1.027699363 

1.026(0743* 

1.026364374 

1.026372792 

1.026(33626 

1.027736026 

1.029137377 

1.073297622 

1.03934(013 

1.0*732377 

1.097263376 

1.069209433 

1.0(3206633 

1.09930340* 

1.1173309(1 

1.13(003299 

I.160716((3 

1.1(3730663 

1.2131637(3 

1.24302344* 

1.273394723 

1J103403(2 

1J47930724 

1J((233421 

1.43132333* 

1.4772724*7 

1.326149695 


1.12702304 

1.136(2553( 

1.12660*127 

1.126*93524 

1.12627232 

1.126176023 

1.123941524 

1.123721199 

1.123301146 

1.123472002 

1.123431733 

1.125157194 

1.1233(76** 

1.122733321 

I.121((3137 

1.12019343 

1.11(324496 

1.116(70342 

1.115232936 

1.113612326 

1.11200(442 

1.110421291 

1.10((30(64 

1.107297131 

1.105760141 

1.102736196 

1.09977*959 

1.094064339 

1.0(99330*7 

1.0((6139O4 

1.0(334361* 

1.079116306 

1.076137203 

1.07033003 

1.063337633 

1.0603(0402 

1.05631((5( 

1.032273(66 

1.04(746325 

1.04363(197 

1.042930304 

1.0406(3332 

l.Q3((44(24 

1.0374313(* 

1.036447694 

1.033(9667 

1.036103634 

1.03(0(6933 

1.041(73271 

1.047301327 

1.035011771 

1.064449073 

1.073(61393 

1.0(9300433 

1.104(21333 

1.1224(2417 

1.14234499* 

1.164*73279 

1.1((93407 

1.2137963*9 

1.24313224* 

1.277014434 

1.31131*2*7 

1.34(7204(6 

1.3**69904 

1.4313330(7 


1.174(0(6(3 
1.17457(993 
1.174324031 
1.17419664* 
1.17394207* 
1.173(30911 
1.173560714 
1.173306799 
1.173033146 
1.173019547 
1.172973146 
1.172656571 
1.170(43326 
1.169(3(233 
1.16((731(6 
1.166921223 
1.16*9(3422 
1.163061759 
1.161156216 
1.139266774 
1.15739341( 
1.153536127 
1.153694**6 
1.131(69677 
1.1300604(3 
1.1464900* 
1.1429(3331 
1.1361610 
1.131212039 
1.129393907 
1.1256177*3 
].]  17961(15 
1.1142(1676 
1.1072164(1 
1.10QS4410( 
1.094264031 
1.06*3759*6 
1.0(2*79972 
1.077776234 
1.073063366 
1.06(74(111 
1.064(23369 
1.061299091 
1.05(170307 
1.033441126 
1.033113736 
1.0*96744* 
1.0*7(7366* 
1.047744934 
1.04931441 
1.052620694 
1.03770479« 
1.064612071 
1.073392106 
1.0(409(619 
1.0967(9306 
1.1113256(3 
1.12(372913 
1.1473993*9 
1.16*677526 
1.1922*1333 
1.21*2*9162 
1.2467*0457 
1.277*37693 
1.31154511 
1.3479**631 


1J((470193 
1.2**190923 
1.2*7((0(33 
1.2*7723914 
1.2(741621( 
1.2(72(0933 
1.2(6932136 
1.2(6643037 
1.2(6334224 
1J(6293312 
1.2(6236(0( 
1.2(3(31237 
1.2(3643063 
1.2(243(072 
1.2(1236(91 
1.27((49946 
1.27647019* 
1.274109612 
1J7176415S 
1^(9433796 
1.26711(302 
1.264(1(24] 
1.2623329*1 
1.160262691 
1.23*00734 
1.233341332 
1.249134717 
1^24049*727 
1.234173927 
1.232097349 
1.226963279 
1.216972266 
1.212110734 
1.2026559 
1.193536353 
1.1*4(09617 
1.176413424 
1.16(363797 
1.160664(45 
1.13330916* 
1.146297466 
1.13962(74 
1.133302257 
1.127317353 
1.121674449 
1.11073032 
1.106797067 
1.09*396166 
1.0917*1566 
1.0(6369394 
1.0(23(0364 
1.079141264 
1.07(7(262* 
1.0792409*7 
1.0(1237*0 
1.0(4(79976 
1.090139234 
1.097132693 
1. 103922491 
1.11035736 
1.1290644(4 
1.103*33(( 
1.160179721 
1.17*933067 
1.19993310* 
1.223279343 


I.4213146(( 
1.41099*107 
1.41064679 
1.420471 171 
1.420120113 
M19966n6 
1.4193939*1 
1.419243323 
1.41((933I 
1.41((46912 
1.41*7(2(31 
1.41*30323 
1.413(39(42 
1.414471622 
1.413107104 
1.4103(9134 
1.4076(390 
1.40*99702 
1.402323569 
1J996601 
1J97S1961 
1J90(9424 
1J91773709 
1J(917241* 
1J(0U3O9 
13(143409 
13763(0(12 
1366402737 
133906023 
133664(649 
1330660*7 
133*934229 
1333226113 
1322021335 
131114*075 
1.300601*64 
1.29037011 
1.2(0*74001 
I37D((026 
1.26160607 
1.02630 
130971402 
1.0560(294 
1.22734430 
1.219777213 
13123O01( 
1.19(03366 
1.1(007* 
1.17336103 
1.16290371 
1.133471061 
1.1014(70 
1.1379(6693 
1.131999799 
1.1272000 
1.12307(49 
1.12131940 
1.1202*9*06 
1.120591347 
1.122272301 
1.103*67*6 
1.12999036 
1.13616021 
1.10961749 
1.153470*32 
1.16477022 


adOKiOMt 

40.32693817 

20.0383866 

13.23492861 

9.82294321 

7.773702031 

6410933273 

6703264134 

3.682214761 

0LO141<n82 

40.32876982 

20.06020122 

13.23669037 

9.824623133 

7.777279309 

6412396118 

6706489838 

3.683222863 

a028362362 

40.33079772 

2006221409 

13.23864396 

9.826488631 

7.779031642 

6414021233 

6707831811 

3.684343174 

0.(»S4S29S1 

40J3180881 

20.0632192 

13439623 

9.82742096 

7.779907471 

6414833684 

6708332829 

3.684903407 

a(M9a4I25 

40l33382324 

2006322673 

13.24137336 

9.829284702 

7.781638636 

6416438376 

6709894928 

3.68602403 

a0SS831409 

40J3470403 

20.06610292 

13.24242821 

9.830098804 

7.782423738 

6417168291 

6710490202 

3.686313816 

a<no90s«7s 

40.33683354 

»>.06823136 

13.2443006 

9.832078117 

7.784284243 

6418894884 

6711938231 

3.687703334 

aoasMTQji 

40.33883283 

2007022999 

13.24644809 

9.833938928 

7.786033843 

6420318868 

6713300336 

3.688826493 

a09926SI76 

40.34082231 

20.07222303 

13.24839336 

9.833798364 

7.787782809 

6422142367 

6714662924 

3.689947843 

0il0n47CS3 

40J4108364 

20.0724892 

13.24863123 

9.836044944 

7.788014361 

6422337744 

6714843493 

3.690096479 

ai(B7437«« 

40.34144886 

20.07283396 

13.14900713 

9.836383224 

7.788334633 

642263493 

6713092912 

3.690301787 

ai2I4«9(B 

40.343922 

20.07334121 

13.23143313 

9.8387073 

7.790319369 

6424683928 

6716795933 

3.691703736 

0223324374 

40J3790183 

20.08932379 

1346332383 

9.832016423 

7.1(8053321 

6436334474 

6726384371 

3.699766263 

0279134922 

40J6S39712 

2009722261 

13.27289319 

9.839283383 

7.80991283 

6442714193 

673193182 

3.704190148 

033498474 

403727737 

20.10486389 

13.28043277 

9.866336232 

7.816760032 

6449089329 

673732026 

3.708617217 

0448642362 

4038717034 

20.11997946 

13.2934123 

9.880981778 

7.830423969 

6461823636 

6748060618 

3.717480881 

0338296392 

40.60109203 

2013487183 

102637 

9.893332348 

7.844046737 

647434299 

6738803433 

3.726357191 

0669946381 

40.61433799 

2014934032 

1342498626 

9.909647308 

7.837627823 

6487240988 

6769334376 

3.73324608 

0781391482 

40.62730812 

2016398427 

1343937923 

9.923866003 

7.87116669 

6499919222 

6780307791 

3.744147481 

0893230448 

4064000223 

20.17820304 

1343404197 

9.938007787 

7.884662802 

6512377284 

6791064903 

3.733061323 

1.004862632 

40.63202016 

20192196 

134683737 

9.932072001 

7.8981 1362I 

6523214762 

680182372 

3.761987336 

1.116487186 

40.66336174 

20.20396232 

13.38257373 

9.966038003 

7.911324609 

6337831244 

4.812390039 

3.77092605 

1.228103264 

4067462687 

20219302 

13.39664141 

9.979963144 

7.924889226 

6330426317 

682333766 

3.779876793 

1J39710021 

40.68321343 

20.2328 13U 

13410376 

9.993792773 

7.938208932 

6362999364 

6834128383 

3.78883969 

1.43130661 

4069332742 

20.24389743 

13.42437682 

1000734023 

7.931483186 

6373330367 

6844902000 

3.797814669 

1.674463903 

407141214 

20.27137769 

13.43137446 

1003479216 

7.977893172 

6600384164 

6866437111 

3.813800367 

1.897374394 

40.73100887 

20.29393833 

13.47822896 

1006171373 

8.004114842 

6.623323733 

6888021322 

3.833833873 

2J4361198 

407390667 

20.34228422 

13.32988731 

101143376 

8.033973819 

667310713 

6931170238 

3.870040172 

267793671 

407731124 

2037439981 

1346716708 

1013328941 

8.094344801 

6712022395 

6963343068 

3.897314328 

2789363333 

4077931021 

20.38490378 

1347931133 

1016602333 

8.107031213 

672427329 

6974334939 

3.906428313 

3.067793428 

40.78842776 

20.40963622 

13.60904884 

1019747712 

8.138316201 

6734777838 

3.001314316 

3.929260804 

3.624201338 

407973813 

20.4346773 

13.66382172 

1023868318 

8.2004669 

6813237613 

3.03326093 

3.975126737 

3.002133428 

407974313 

20.47497368 

13.69283931 

1028842231 

8.230913493 

6843178892 

3.082220423 

3.998157278 

4.437499213 

40.78872068 

20J1110444 

13.74409439 

1034611723 

8.29071642 

6.904448984 

3.136092914 

4.044403711 

5.012003072 

40.76833188 

20.34123234 

13.79138948 

1040137805 

8.3489988 

6962834909 

5.189877334 

4090893191 

3J65571274 

40.73636244 

2046339893 

13.83326302 

1043413406 

8.408694697 

7.020339029 

3.243341339 

413760609 

6.118097143 

40.83613333 

2048333138 

13.87506644 

1030431663 

8.460736648 

7.076843113 

3.297051343 

4184329996 

6.669483136 

409797833 

2049364648 

13.91094433 

1033183973 

8.314037826 

7.132308442 

5J30373327 

4231649698 

7.219631036 

41.14221341 

20.6017496 

13.94283472 

1039669999 

8J63392203 

7.186673905 

3.40347104 

4278949167 

7.768443868 

41.32321882 

20.60183496 

13.97073904 

1063877691 

8.613274726 

7.239886107 

5.456307917 

4326411331 

8J13826182 

41J2234006 

20.59398547 

13.9946244 

1067803317 

8.663041468 

7.291879486 

3J08846108 

4374019061 

8.86168403 

41.7398832 

204841727 

14.01442369 

10.7144147 

8.708829819 

7.342396428 

5J61046697 

442173313 

9.403923174 

41.9749311 

2046643678 

14.03013362 

1074787094 

8.732578647 

7J91977391 

3.612869724 

4469394294 

9.948438968 

4122732467 

20.34288617 

14.04174483 

1077833492 

8.794228478 

7.439963037 

3.664274209 

4317322077 

10.48919664 

4149668402 

204135176 

14.049242 

10.8038233 

8.833721664 

7.486494339 

3.713218182 

4563313136 

11.02803126 

4178239991 

20.47841377 

14.03262374 

1083023748 

8.871002339 

7331312824 

3.763638718 

4613331243 

1209977337 

43.40233389 

20.67874819 

14.04705784 

1086976344 

8.938713905 

7.616780246 

3.864833231 

4709638497 

13  16296973 

44.08276637 

20.96603899 

14.02314103 

10.8967092 

8.996969731 

7.695311873 

5.961496792 

4803646197 

U  21701869 

448197843 

21.28906323 

13.98706237 

1091090998 

9.043407784 

7.766671114 

&053216074 

4901300898 

13.26133387 

43.60899492 

21.64617333 

13.93310432 

1091228233 

9.083721161 

7.830443039 

6.143627286 

4996393156 

16.2953636 

4044377043 

22.03357131 

13.86363827 

1090081379 

9.111632682 

7.886239231 

6.232338383 

3.090677465 

17J1860I69 

47J2330331 

22.43323368 

14.03309053 

10.8763733 

9.129000726 

7.933702385 

63I493I618 

3.183892333 

18J3036816 

48.24267103 

2X90296308 

14J0717113 

1083970086 

9.133622414 

7.97231194 

6J93066363 

5.275760657 

19.33082946 

49.19286931 

23.37641964 

14.60269412 

1079040602 

9.131436083 

8.002386479 

6466282268 

3J65989979 

20J1898861 

30.17088413 

23.87313038 

14.92034008 

1072897332 

9.116422971 

8.023089778 

6J34202674 

3.434273381 

21.29468693 

31.17172801 

2449033823 

13.23864636 

1063376091 

9.090628042 

8.034433423 

6396438264 

3340290304 

2225760362 

3119048832 

24.92602073 

13.61602492 

1080204488 

9.034139983 

8.036280108 

6632610936 

5.623707739 

23.20743309 

33.22236701 

25.47692019 

13.99078149 

11.07069633 

9.007190291 

8.028346111 

6702337812 

3.704181673 

24.14399409 

34.26271675 

26.04057071 

1638113341 

11.33683741 

8.949931313 

8.011203134 

6743333361 

3.781338812 

23.0670087 

33J07O72S2 

26.61432378 

16.78324008 

11.63926686 

8.882734632 

7.984279392 

6.781223342 

3.834878389 

23.97632114 

36.33117833 

27.19337211 

17.20120336 

11.97668139 

8.805883802 

7.947839935 

6.809729913 

3.924373463 

26.87178647 

57.39100933 

27.78177124 

17.62710ni 

123076907 

8.928001861 

7.902086302 

6830393628 

3.989481312 

27.73329115 

38.42278939 

28.37043902 

18.06102963 

1263083161 

9.199079383 

7.847133106 

6843389207 

6049829284 

28.6207316 

39.44300403 

28.9392726 

18.30103828 

13.00438636 

9.4841933 

7.78331623 

6848330069 

6105034927 

29.47411263 

60.44840933 

29.34396291 

18.94331234 

13.36739914 

9.782203134 

7.710870125 

6.843271663 

6134801337 

30.31334384 

61.4360379 

30.12840666 

19J919S708 

13.73769077 

10.09187745 

7.630164257 

6.833714179 

6.198722712 

000141*11* 

21244*11*1 

00141*11*2 

7.0223**26* 

002*362362 

4.936409363 

0033432931 

4.42*9*0737 

0049634123 

3.736123593 

0033*31409 

3.3197649** 

0.070903*75 

3.11700*715 

00130*7031 

1*4003000* 

009926*176 

1624333367 

01011476*3 

1399201313 

010374376* 

1363377933 

012146903 

1365330513 

0223324374 

1.720366*22 

0279134922 

1.326*67245 

03349*474 

1J32947342 

0446642362 

1.17*69*602 

033*296592 

1.037151799 

06699463*1 

0.931033466 

07*13914*2 

0.347263446 

0.39323044* 

0.77*663426 

1.004*62632 

072092*619 

1.1164*71*6 

0.671294076 

1.22*103264 

0.627*91409 

1J39710021 

OJ394Q3314 

1.43130661 

0334**103 

1.674463903 

0493023142 

1.397374394 

0444343104 

2J4361198 

0.36143762* 

Z6779S671 

0310114007 

17*  >'>3333 

0.294493933 

3.06779342* 

0.23*009095 

3.62420133* 

0.193343311 

3.90213342* 

0.164000723 

4.437499215 

0.109255922 

5.012003072 

0037*44363 

5J65371274 

0.00794*303 

6.11*097143 

0.041992379 

6.6694*3136 

009332*692 

7.219631036 

0.1484497*1 

7.76*443*6* 

0.209123237 

3J13316132 

0.279103333 

6*616*403 

0.3644427*6 

9.405925174 

0.4770953*7 

9.94*43*96* 

0.646240622 

10.4*919664 

0.976923739 

11.02*03126 

3.13330**23 

1109977337 

13.16296975 

14.21701*69 

15.261333*7 

16.2933636 

17J1360169 

13.33036*16 

19J30«2946 

20.31*9**61 

21.2946*693 

2123760362 

23.20743309 

24.14399409 

25.06700*7 

23.97632114 

26.3717*647 

27.73329113 

23.6207316 

29.47411263 

30.313343*4 

31.461**466 

33.5340I073 

9.940*3*442 

12.17887842 

7.022723979 

8.606545315 

6.27*402902 

7.693392411 

S.301294«01 

6^00014043 

4.996391237 

&12702732 

4.42919*149 

3.433343373 

4.03932137 

4.956925931 

3.7363*3063 

4J3642737* 

3.701047*93 

4.343249063 

3.633*22261 

4.4*33432*3 

3J72781506 

4.14221138] 

2.470699072 

3.041501357 

r201633606 

2.7U329477 

2.0022**432 

2.471372329 

1.72097346 

1129861151 

1.327363014 

1.393630331 

U33733223 

1.7219*6496 

1.271112*3* 

1J36344332 

1.179632692 

1.4764*2333 

1.103326022 

1385046497 

1.03*269262 

IJ07323601 

0.9*1*734*2 

1.240135624 

0.932312915 

1.1*1230439 

0.3332314 

1.129047943 

0.312*93762 

I.040143S9* 

0.750304044 

a966723742 

0.630*74036 

a*31 113332 

0.391592412 

0.7*2934446 

0.373935544 

0.762781802 

0.3333*222* 

a71690«**2 

0.46521336* 

0.640188931 

0.433711*24 

0.607321194 

0.3*3343129 

0.3303412*3 

0.33*2*6566 

OJO2062331 

0.29*10640* 

0.459901297 

0.261743*1 

0.422375S23 

0.22*304*33 

0.3*9037073 

0.197113673 

0.33*51**03 

0.1«76S«054 

0.3304429 

0.139320709 

0.304363203 

0.112369219 

0.279927603 

0.085913814 

0.236*32693 

0.059901318 

0.234906203 

0.034100943 

0213*9433 

0.008294387 

0.193633669 

0.044199529 

0.154937676 

0.099401762 

0.117819966 

0.15951649 

0.0*1539392 

0.227603192 

9.045436657 

0.30*491764 

0.008900308 

0.410920668 

0.028677892 

0.553694048 

0.067946644 

0.790026192 

0.109645818 

1.397333367 

0.134674303 

0.204192963 

0.2397*9376 

0.323774*61 

0.399751449 

0.493*22723 

0.61734**63 

0.7967340*6 

1.10n33394 

1.993*33233 

44.49596««2 

I4.06S24649 

9.94I22062S 

I.n9725559 

7J09I5S24 

7.07942*112 

6.2790112*3 

3.7293*026* 

3.30201767* 

3.2322164*4 

3.1*3662023 

4.7*9727992 

3J21146*6* 

3.143*72931 

2*64*93336 

247231607 

22034730T7 

2004333394 

1. *4902*019 

1.72340*916 

1.61*999332 

I.S303697I* 

1.433*3*1*3 

1.3*6*941*6 

1J2761232 

1.226*60371 

1.143*96304 

1.013*0*72* 

0.937300*73 

0.913016113 

0.363973179 

0.779112027 

0.743207364 

0.6*09*27*4 

062*320972 

0.3*33300*1 

0.543723017 

0.30*309743 

0.476*2223* 

0.44*009<'>9 

0.421371336 

0J971 13664 

0.374329393 

0.33293*499 

0.332793*66 

0.31366104* 

0.277923073 

0.244799027 

0.213571077 

0.1*3672231 

0.13463731* 

0.126070177 

0.097620512 

0.06*966321 

0.039*00*49 

0.009*1*093 

0.021297493 

0.053**3303 

0.0**3233*3 

0.12305*472 

0.16461303 

0.20763*2*6 

0.23304719* 

0.307937*23 

0.3679319*6 

0.437473309 


49.74*30116 
13.72699916 
11.116*311* 
9.941307293 
*J99222614 
7.91*169469 
7.023674203 
6409303479 
3.932010092 
3.*76370122 
3.*020I3**1 
33396976*6 
3.943033193 
3.321976932 
3.2107477*7 
2773037647 
24733314*2 
2231*390*2 
2079121339 
1.93931706 
1. *2337923* 
1.723244941 
1.640426623 
1.366234762 
1300647442 
1.3*92*3396 
1.297743292 
1.134373036 
1.070*636* 
1.0462439*1 
0.990443433 
0.39*007669 
0.339046354 
0.7917*4029 
0.7353*200* 
0.6*7073««» 
0.6449*86(> 
0.607*0*231  ' 
0.37437257* 
0.344362*12 
0317227*01 
0.492136373 
0.46*9431*2 
0.447376312 
0.42720257 
0.40*234137 
0373301*06 
0J41367941 
0.312276*03 
0.2*4*44263 
0.23**047*9 
0.23377672* 
0.20943**26 
0.1*35137*7 
0.1617564 
0.137944666 
0.113*72**3 
0.0*9346006 
0.064174704 
0.03*1707*6 
0.01114233 
0.0171102*2 
0.046*02466 
0.07*170521 
0.1114*2102 
0.14704*512 


54.49712793 

173292313* 

12.17937954 

10*922332 

9.20310939* 

*.676276911 

7.696706132 

7.024172116 

6301333922 

6.440413093 

6J390023 

3.374734 

4324102733 

3.36341*046 

3322992411 

3.044411461 

2.717121243 

2.473020101 

2.2*6469023 

1134169*31 

1007760*21 

1.900606071 

1.30*23246* 

1.7273000* 

1.63613107 

1333093494 

1.433713133 

1.2*0363441 

1.190047153 

1.163439*3* 

1.10326**3* 

1.0037963*7 

0.9619799*1 

0.3*9977404 

0.329*23363 

0.77*507662 

0.7339*5993 

0.694*23551 

0.6399*2241 

0.62*6749*6 

060030364 

0374406*23 

0.330606*74 

032*605637 

030*15733* 

0.4*903*222 

0.434230295 

0.42309*726 

0.394799152 

036*734431 

0344417147 

032143213 

0299311239 

027*31593 

0237624913 

0.237225217 

0.216923613 

0.196331634 

0173941*72 

0.134944791 

0.133416496 

0.11121*36* 

0.0*3216243 

0.064276623 

0.039266*2* 

0.013051917 


*Z92*434*3 

7033634*46 

19.*9643467 

22.246216*9 

14.06632519 

13.72*30611 

1ZS*013094 

14.0671344 

1063022023 

11  »  743034 

10022091*3 

11.2076727 

*.*9143733* 

9.943*972*4 

*.11324**32 

9.076373**1 

73I1*«33* 

*.402036237 

7.4413*3493 

I32349I336 

7.347640117 

*.21*302717 

6.7***57*49 

7394060613 

3.000237253 

3395710M9 

4.46913*423 

3.0023497*2 

4.076*22321 

4364493*3* 

3.3235*203 

3.949197396 

3.14**7*09* 

332*92164 

^*70429369 

3.21141612* 

2.65373056 

1976**63*6 

147**24*93 

17*20339*1 

1333760433 

1620303214 

1210«*37*7 

14*3730042 

1103036733 

1366006434 

101239*936 

1263230723 

1.930944429 

1172490064 

1.7926202*9 

101 ***934* 

1.679225937 

1.(93102203 

1J02606334 

1.6974*4025 

1J99*60741 

1.5*390759 

IJ6973363 

133064307* 

1J0I629306 

1.473321*37 

1.1*9444043 

I3320S0341 

1.14244775 

1300450333 

1.061*12419 

1.2I2I34604 

0,994737961 

1.1?  ■'9*7469 

0.937914064 

1.07715794 

0.****346*5 

1.02404*246 

0.(43967301 

0.977*335*9 

0*0*03*136 

0.9371*9233 

0,774235465 

0.901126*36 

0.743*17361 

D.*6**9I941 

0.716271973 

0.(39*97027 

0.691177172 

0*13676*64 

0.66*192774 

0.7*9*57437 

0.647040**6 

0.76*134192 

0627491723 

0.74*236044 

0.392462966 

0.713232235 

0.361*93*11 

0.6*347339 

0.334*9002 

063*03061* 

0310770** 

0.6361*2293 

0.4*90032*1 

06173*1013 

0.46915*73 

0.601 1960U 

0430**43* 

0.3*72*3413 

0.433**2964 

0373363*22 

0.417*9*343 

0J6S207113 

0402706162 

0336621007 

0.3**104207 

0349442*15 

037390*651 

0343333237 

0.35994(693 

033*771721 

0346063407 

03330' 23*9 

03320991*4 

0332252322 

0.317907799 

033C377083 

0.30334499* 

0.52t  160732 

0.2**269544 

0.32**63163 

0.27254267 

0.32911*31 

0.256027935 

0329963752 
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03 

0.4 

0.5 

0.6 

1 

aooi4isn< 

1145.946124 

420.8299959 

241.8748354 

168.193388 

13a2727281 

108.1638254 

84.97718887 

74.15634844 

a014181182 

362.5701341 

133,1057044 

76.49381879 

53.1879415 

41.19431666 

34.20205006 

2&86940771 

23.44771179 

a02<362362 

2565255121 

94.14164753 

54.09424428 

37.60997068 

29.12757702 

24.18265437 

1899739054 

16.57800704 

a(l3S4S29Sl 

229.5104577 

84.21256736 

48.38557935 

33.63956896 

26.05196005 

21.62879859 

1&99082192 

14.82691348 

ao«e34i2s 

194.0852882 

71.18905779 

40.897032 

28.43094729 

2X01701985 

18.27827835 

143582427 

1X32949728 

a(»583I409 

183.043662 

67.128668 

38.56205094 

26.80676378 

20.75877075 

17.23342992 

1333725892 

11.81303087 

aomoMTS 

162.5263005 

59.58172691 

34.22163817 

23.78744971 

18.41962966 

15.29096059 

1X01093371 

10.48100934 

a0<9M7O31 

148.4527419 

54.40304449 

31.24282434 

21.71512723 

16.81405937 

13.95761412 

ia963 19589 

9.566641442 

0.099268176 

137J2145 

50J7913478 

28.92791335 

2010454177 

15J6616215 

1X92126065 

iai4880364 

8.855909187 

aioi  147683 

1362483954 

49.9104094 

28.65823828 

19.916908 

15.42077718 

1X80051887 

1005391969 

8.773102105 

0.103743768 

134J473642 

49.28407065 

28.2978743 

19.66617171 

15.22649664 

1X63916856 

9.927123125 

8.662444092 

ai21469Q3 

124.4352963 

45J5972571 

26.15486006 

18.17500754 

14.07104028 

11.67953664 

9.172980451 

8.004283781 

0.223324S74 

9ri6380702 

33.65703303 

19J023017 

13.40537008 

10J7446912 

8.609049391 

6.759655108 

5.898038286 

0.279154922 

82.62861245 

30.13178828 

17.27097617 

11.99078665 

9.277783894 

7.697913314 

6w043364801 

5.272856262 

033498474 

75.60866546 

27.53219226 

15.77214017 

1094667271 

8.468139257 

7.025157315 

5314398476 

4.811154494 

0.446642362 

65.79394649 

23.88865799 

13.66956616 

9.481270939 

7J31457378 

608046132 

4.771453988 

4,162649663 

0538296592 

59.13465697 

21.4075456 

1123600207 

8.48 145 1916 

6J55577761 

5.435440554 

4.264031919 

3.719693332 

0.669946581 

54.24884849 

19.58016116 

11.17879815 

7.743603729 

5.982738383 

4.959075928 

3.889173445 

3J92438243 

0.781591482 

50.47596379 

18.16321913 

10J5796231 

7.170313993 

5.537456113 

4.58867626 

3397611007 

3.137880557 

0893230448 

47.45534015 

17.02381242 

9.697000169 

6.708347985 

5.178476897 

4.289976831 

3J6241519 

X932320Q5 

1.004862632 

44.97123051 

16.08239171 

9.15011745 

6.325832107 

4.88109839 

4.042459285 

3.16745923 

X762282024 

1.116487186 

42.88565293 

15.28805132 

8.688002939 

6.002362726 

4.629506294 

3.832987177 

3.002417719 

X6181348I6 

1.228103264 

41.10572614 

14.60650382 

8.290909874 

5.724192354 

4.413044447 

3.652708288 

^8603323 13 

X494065335 

1.339710021 

39.56634408 

14.01369967 

7.944984713 

5.481«75tl3 

4.224235387 

3.495410651 

X736319781 

X38S75155 

1.45130661 

38.22034545 

13.49220595 

7.640183198 

5.267816571 

4.057656614 

3J56589238 

X626838S2 

X2901 22347 

1.674465905 

35.97644847 

1X61429376 

7.125794464 

4.906465489 

3.775985542 

3.121742424 

2.441538057 

X12824911 

1.897574394 

34.18003477 

11.90092158 

6.706327477 

4.611290249 

3.545661737 

2.929580918 

Z2898170S3 

1.995690255 
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31.49076169 

10.80484816 

6.058173267 

4.1539813 

3.188268183 

2.631108674 

X05392553 

1.789547633 

167795671 

30.01309026 

10.17845443 

5.684924321 

3.889727075 

2.981338299 

2.458078375 

1.917006105 

1.669865444 

2.789365533 

29J9616396 

9.996773813 

3J76143293 

3.8125S0036 

X920830866 

1407445806 

1.876911372 

1.634813486 

3.067793428 

28.6879087 

9.590032438 

3J315379 

3.638686639 

X784377994 

1293188643 

1.786377533 

1J35637235 

3.624201358 

27.32773547 

8.934688951 

4.933340264 

3J34453577 

2.560782859 

1105697635 

1.63761386 

1.423359477 

3.902155428 

26.82689137 

8.666991007 

4.76868655 

3.236362241 

2.467645304 

2.027478026 

1.575460689 

1J71 193099 

4.457499215 

26.10626513 

8.219982884 

4.489952824 

3.035435737 

X308753078 

1.893825008 

1.46910617 

1.278146447 

5.012005072 

25.6997399 

7.863569125 

4.262783807 

X870424748 

X17775I993 

1.78338223 

1381041832 

1.201086422 

5.565571274 

25.56700423 

7J75438883 

4.074136998 

X732201902 

X067546415 

1.690244472 

1.306617787 

1.135954181 

6.1I8097I45 

25.71127546 

7.340688166 

3.915238356 

X61 461 7909 

1.973352802 

1.610429297 

1.242697303 

1.080011936 

6.669483156 

26.13072543 

7  148989785 

3.779944488 

X313359015 

1.891812931 

1.54113977 

1.187076737 

1.031336567 

7.219631036 

26.86024264 

6.992991298 

3.663813255 

X423298374 

1.820490362 

1.480345736 

1.138156055 

0988531987 

7.768443868 

27.97538377 

6.867359471 

3.563547102 

2.348107336 

1.757568601 

1.426532794 

1.09474126 

0950556658 

8.315826182 

29.61507154 

6.768186495 

3.476644505 

X2800119CI8 

1.701661942 

1.37854495 

1.055920553 

0.916615467 

8.86168405 

32.04273943 

6.692609442 

3.401173521 

X219634381 

1.651692421 

1.335482256 

1.02098373 

0.886089358 

9.405925174 

35.81081698 

6.63856145 

3.335619983 

2.165887033 

1.606807207 

1.29663206 

0.989368067 

0.858488078 

9.948458968 

42.31822835 

6.604608123 

3.278782999 

X117898816 

1.566321594 

1.261421576 

0.960620947 

0.833417549 

1048919664 

56.73804093 

6.58984193 

3.229701357 

X074963591 

1.529678738 

1.229384358 

0934373466 

a8]0556817 

11.02805126 

163.6169749 

6.593818581 

3.187600692 

1036502806 

1.496420603 

1.200136113 

0910321366 

0789641408 

12.09977337 

6.676070436 

3.121957848 

I.97I170869 

1.438597747 

1. 148777973 

0.867829008 

0.752800755 

13.16296975 

6.843163429 

3.078161489 

1.918944003 

1.390477084 

1.105342889 

0.831551141 

0721515007 

14.21701869 

7.106233006 

3.053872959 

1.877723858 

1J30342087 

1.068373147 

0.800323956 

a694778558 

15.26133387 

7.492888597 

3,047762242 

1.846001588 

1.316922415 

1.036779595 

0.773272009 

0.671838033 

162953656 

8.05442016 

3.059327913 

1.822690392 

1.289260727 

1.009730208 

0.74972008 

0.652115317 

17.31860169 

8.892114016 

3.100946865 

1.807019585 

1.266626567 

0.986577777 

0729135817 

0.633137468 

18.33056816 

10.23513272 

3.165965 

1.798467161 

1.248459144 

0.966811542 

0.711091231 

0.630003082 

19.33082946 

1X75343463 

3.25281087 

1.796717902 

1.234328535 

095002405 

0695236139 

0608139089 

20.31898861 

20.03458246 

3J64918137 

1.801639701 

1.223909072 

0.935887978 

0.68127943 

0J97584364 

21.29468693 

3J07483331 

1.813274218 

1.216961076 

a924139693 

a668975593 

0588677911 

22.25760362 

3.688387741 

1.841474709 

1.213318532 

0.914567467 

0.658114862 

0581270188 

23.20745509 

3.919895505 

1.882087414 

1.212881215 

0.907003019 

0.648515924 

0J75216621 

24.14399409 

4.221992715 

1.931412533 

1.215610338 

0.901315469 

0.640020478 

0.570392693 

25.0670087 

4.629598063 

1.99048525 

1.221527207 

0.897407121 

0.632489148 

0J66690148 

25.976321 14 

5.210333459 

X060723311 

1.230714714 

0.895210655 

a«25798443 

0.364014033 

2687178647 

6.11782074 

2.144066298 

1.251715337 

089468747 

0.619838511 

0.562280325 

27.75329115 

7.813798462 

X243194646 

1.282500845 

0.895826991 

0.614511547 

0.361414012 

28.6207516 

13.03562996 

X361884738 

1.317972453 

a89864686 

0.609730739 

0361347478 

29.47411263 

X505e09 

1.358605393 

0.903193977 

0605419667 

0.562019105 

30.31334584 

2.682606168 

1.4050I0I35 

0.909546413 

0.601512122 

OJ63372005 
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40.74016291 

64.73303391 

83.163388 

101.3974246 

114.1100982 

12341938282 

1314994918 

134.0458593 

O.OI41«n«2 

40.73986622 

64.73189894 

85.16098098 

101.393431 

114.1143894 

123.0863228 

13Z4883044 

134.0317958 

0.02SM2362 

40.73934127 

64.73064466 

83.13831923 

101.3890316 

114.1080644 

1230780034 

13Z4763178 

134.016192 

a(B54529Sl 

40.73938063 

64.73002107 

85.13699339 

101J86838I 

114.104909 

123.0738513 

13Z4702331 

134.0083988 

do««M12S 

407390631 

64.74878097 

83.13433169 

10U824833 

114.0986123 

1230633632 

13Z43S0609 

133.9928301 

a0S5S3I409 

40.73892386 

64.74824201 

83.13320143 

I01J80577 

114.0958668 

123X1619478 

13Z4327775 

133.9860338 

0.0709QS875 

4073839394 

64.74693831 

83.15041412 

101J739326 

114.0892034 

123.05317 

13Z4398934 

133.969521 

a0«SM7031 

40.73829039 

64.74572193 

83.14780371 

101.5716193 

114.0829543 

1230*49338 

13Z42780Q3 

133.9540108 

a099268176 

40.73799008 

64.74431476 

83.14321037 

101J673Q24 

114.0767242 

1230367183 

13Z4137281 

133.938324 

0.101147683 

40.73793061 

64.74433346 

83.14486761 

101^667315 

114.0738999 

123.055631 

13Z4141298 

133.9364732 

a 103743768 

40.73789623 

64.74413371 

85.14439429 

101.5659435 

114.0747619 

1230341298 

13Z41 19228 

133.9336412 

ai2I469Q3 

40.73732926 

64.74264364 

83.14117443 

101.3605773 

114.0670089 

1230238986 

1320968745 

133.9145261 

a223324S74 

40.73336336 

6473433013 

85.1230708 

101J302374 

114.023018 

12Z96S7323 

13Z31109(n 

155.8040405 

0.279134922 

40.73438721 

64.73000479 

85.11343383 

101.3139634 

113.9993313 

12Z9343009 

13Z2643662 

155.7440986 

033498474 

40.73368034 

6472579964 

85.10399792 

101.4979403 

113.9739247 

I2Z903I873 

13Z2I83926 

133.6845166 

0.446642362 

40.73207013 

64.71780416 

83.08372368 

101.4666415 

113.9299732 

12Z8419114 

13Z1270943 

155.5664299 

0J38296S92 

4a7307202 

64.7103321 

83.06823717 

101.4363308 

113.8831703 

12Z7818936 

13Z0371887 

133.4497747 

0.669946581 

40.72961833 

6470343185 

83.03 132747 

101.4069981 

113.8413006 

12Z723I318 

131.9486688 

1330343433 

a78l39l482 

40.72873296 

64.6970318 

83.03338368 

101J7S6333 

113.7989569 

12Z6636114 

131.8613277 

133.2207361 

0.893230448 

40.72811133 

64,69114034 

83.02039488 

101J3122O 

113.7573298 

12Z60932S9 

131.7737382 

133.1083411 

1.004862632 

40.72768147 

64.68374384 

83.00393017 

.J1J247669 

113.71721 

12Z3342669 

131.6913336 

13Z9973348 

1.116487186 

40.72743121 

64.68083671 

84.99223863 

101.299243 

113.6779882 

12Z3004237 

131.6083067 

13Z8877714 

1.228103264 

40.72740837 

64.67640133 

84.97924936 

101.2746306 

113.6398332 

122.4477941 

1310266106 

13Z7795851 

1J3971002J 

4072754078 

6467242809 

8496697144 

101.2309734 

113.6028016 

12Z3963633 

131.4462382 

13Z6727903 

1.43130661 

40.72783628 

64.66890338 

84.93339397 

101.2282034 

113J66818 

12Z346129 

1310672426 

13Z3673812 

1.674463903 

40.72886783 

646631631 

8493429671 

101.1833443 

113.4980241 

12Z2491918 

131.2131939 

152  3606975 

1.897374394 

40.73040371 

6463908739 

8491387031 

101.1439922 

1134333989 

12Z1369263 

131.0644084 

13Z1.394875 

134361198 

40.73461083 

64.63334932 

84.88668093 

101.0774833 

1133163571 

121.9861277 

130.7824033 

131.7733072 

^67795671 

40.73836938 

64.65656951 

84,«7115071 

101.0347092 

113.2389651 

121.8697765 

130.5842996 

151.4977009 

1789363333 

40.73967279 

6463734743 

84.86712736 

101.0220353 

113.2150971 

121J33I832 

1300207801 

151.4084758 

3.067793428 

407429233 

64.6612775 

84.83948973 

100.9937212 

113.1393391 

121.7464222 

130J674168 

151.1911504 

3.624201338 

40.74876133 

64.67362899 

848340061 

100.9510014 

113.0636979 

1210926333 

130.0856139 

15a7806721 

3.902153428 

40.73096456 

64.68188736 

84.83381933 

100.9362794 

113.0270839 

1210233823 

129.9529557 

1300873783 

4.437499213 

40.73298972 

64.70166318 

84.86770362 

100.91932 

11Z963762I 

I2I4094035 

129.7135797 

130:2242141 

3.012005072 

40.73057267 

64.72437393 

84.88946173 

100.9179321 

11Z9246793 

1210172906 

129.3027292 

129.8916846 

3.363571274 

40.74219208 

64.74916833 

8491972993 

100.930910* 

11Z9026723 

121.247982 

1290193309 

129089074 

6.118097145 

42.99708596 

64.77399499 

84.95714443 

100.9569292 

11Z8985779 

12I0004I6I 

129.163109 

129.3156666 

6.669483136 

43.69221987 

64.79760243 

83.00034138 

100.9947429 

11Z91 12331 

121.1733313 

129.0323914 

129.0707466 

7.219631036 

48.39788124 

64.81833921 

83.04793702 

101.043086 

11Z9394747 

121.1662639 

128.9271036 

128.83359*2 

7.768443868 

31.11339138 

64.83333389 

83.09862756 

101.1006929 

I1Z9821394 

121.1773383 

128.8437716 

128.6635036 

8.313826182 

33.84687139 

6484639303 

83.1309892 

101.1662982 

113.0380641 

121.2063467 

128.7877213 

128.4997332 

8.86168403 

36.39324318 

64.83081118 

85.20367816 

101.2386362 

113.1060837 

121Z313696 

128.7320792 

1280616231 

9.403923174 

39.33622746 

64.84633091 

83.23333063 

1013164414 

113.1830*1 

1210121632 

128.737971 

128.2484036 

9.948438968 

6113734575 

64.83236276 

85.30438282 

101.3984482 

113.2737668 

121087072 

128.7443228 

128.1593789 

10.48919664 

64.93811934 

64.80679329 

85.35007093 

101.4833911 

113.3711001 

121.4752282 

128.7708606 

128.0938293 

1 1.02803126 

67.76006955 

6476839707 

85.39043121 

101.3700043 

113.4758775 

1210755722 

128.8161107 

128.0310*09 

1109977337 

69.13904442 

83.43031299 

101.7431808 

113.7031125 

121J085771 

128.9598514 

128.090885 

13.16296975 

74.42414302 

83.47331781 

101.9078525 

113.9461664 

1220775934 

129.1687533 

128.0931831 

14.21701869 

79.78959354 

85.44833333 

102.0538933 

114.195734 

1220741278 

129.4358249 

128.252215 

13.26133387 

834470073 

83.36303321 

102.1711847 

114.4423101 

122.689687 

129.7540747 

128.4422487 

16.2933636 

90.80799647 

83.21196711 

102.2495964 

114.6771892 

123.0157779 

130.1163111 

128.7175601 

17J1860I69 

96.48417198 

88.9873032 

102.2790038 

114.890*662 

1230439072 

1300161426 

129.CS2423 

18J3036816 

102.2871436 

9410010628 

102.2492886 

115.0733338 

1236633813 

130.9459773 

129.441 1113 

19.33082946 

108.2283288 

99.31304836 

102.13032(0 

113.2155927 

123.9723078 

1310990244 

129.877899 

20.31898861 

114.3199333 

1046432398 

101.9719766 

113J088317 

124J355927 

131.8682917 

1300370599 

21.29468693 

110.0933909 

101.7041329 

115.3434473 

124006943 

I32J467878 

130.8728678 

2125760362 

113.6830121 

1048801044 

113.3101344 

124.7178655 

13Z8275213 

131.4193968 

23.20743309 

12MI64136 

109.8000202 

11M995877 

124.8798668 

133.303300* 

151.9915206 

24.14399409 

I27J067059 

1 14.8398092 

115.0025018 

124.9844338 

133.7677538 

152.5829155 

23.0670087 

133J647992 

120.0093938 

114.7093716 

123.0231332 

I34.2I32298 

153.1880486 

25.97632114 

139.601604 

125.31950*4 

114.3114917 

124.9874117 

134.632997 

133.8012004 

26.87178647 

146.0280304 

130.7796593 

1 1&8924604 

124J687962 

135.0200*36 

154.4166427 

27.73329115 

131634989 

136.4001833 

121.6120062 

1246387932 

1350673783 

133.0286*93 

28.6207316 

159.49339 

142.1912067 

1264646174 

1240489097 

135.6680093 

133.6314941 

29.47411263 

148.1628477 

131.4595994 

123.9306524 

135.9149*33 

136.2194311 

30.31334384 

154.3232328 

136.6062575 

123.393528 

136.10119*6 

136.786794 
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0.00I41«I11« 

0.0I4I81182 

0.028362362 

0.035432951 

a049634I25 

aa5383l409 

0.070905875 

0083087031 

0099268176 

0)01147683 

0.103743768 

012146903 

0.223324574 

0.279154922 

033498474 

0446642362 

OJ58296592 

0669946581 

0.781591482 

0893230448 

1.004862632 

1.116487186 

1.228103264 

1.339710021 

1.43130661 

1.674465905 

I. 897574394 
234361198 
267795671 
2.789365533 
3.067793428 
3.624201358 
3.902155428 
4.457499213 
3.012005072 
3.365371274 
6.118097145 
6.669483156 
7.219631036 
7.768443868 
8J 158261 82 
8.86168405 
9.405925174 
9.948458968 
10.48919664 

II. 02805126 
1209977337 
13.16296975 
14.21701869 
15.26133387 
16.2953656 
17.31860169 
18.33056816 
19J3082946 
20J1 898861 
21.29468693 
2223760362 
23.20743509 
24.14399409 
25.0670087 
23.97632114 
26.87178647 
27.75329113 
28.6207516 
29.47411263 
30.31334584 


1249.458037 

450.8613584 

342.7522606 

313.2106279 

279.0943001 

267.8370569 

246.9187407 

2325698954 

221.4246182 

220.1266331 

218.3922872 

208.082098 

175.1776392 

165.455464 

158.2980675 

148.2918858 

141.503621 

136.5240405 

132.6794883 

129.6021171 

127.0718608 

124.94796 

123.1356528 

121.5685061 

120.1983902 

117.9144609 

116.0857945 

113J438769 

111.8366862 

111.4098409 

110.4772711 

109.0672236 
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APPENDIX  C 

Experimental  Data 
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Figure  C-1:  Shear  buckling  load  test  3  data 
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Figure  C-3:  Shear  budding  load  test  S  data 
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Figure  C-4:  Shear  buckling  load  test  6  data 
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